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1. Teoreticky uvod

1.1. Mamarne karcinomy

Mamarne karcindmy (BC, breast cancer) su najcastejSim malignym
nadorom Zien, a tvoria asi 24% vsetkych malignit vo svete (Bray a kol.,
2018). Je to heterogénna skupina chor6éb a presnd klasifikacia nadoru do
klinicky relevantnych podskupin je rozhodujica pre progndézu a vyber
liecby. O onkologickej liecbe rozhoduje histologicky grade tumoru, status
hormonalnych receptorov spolu so stavom ludského epidermalneho
rastového faktora 2 (HER2/ERBB2), proliferacnd aktivita nadoru,
patologicky stav alebo rozsah nddorovej choroby v podobe TNM klasifikacie
a vek pacienta. Podla imunohistochemickych parametrov a proliferacnej
aktivity, a podla molekularnej génovej charakteristiky boli rozdelené
karcindmy prsnej Zzlazy do 5 hlavnych podskupin: luminal A, luminal B, ,,Her
2 enriched”, “basal like“, a , normal breast like” skupina (Perou a kol.,
2000). Rozdelenie BC podla charakteristiky 50 génov (PAM50 klasifikacia),
neskor s pridanim dodatocnej skupiny tzv. ,claudin -low* bolo vyuzité pre
predikciu patologickej odpovede na neoadjuvantnu onkoterapiu (Sorlie a
kol., 2003) a dali zaklad pre TCGA a METABRIC klasifikacie karcindmov
prsnej zlazy. Tato klasifikdcia BC (Curtis a kol., 2012) bola so zameranim

nadorov na veducu hlavnu tzv.“driver” mutaciu.

Bioldgia tychto podskupin nadorov odraza ich rozdielnu povahu, odpoved
na lieCbu a prognézu. Moderné technolégie a metddy na molekularnej
urovni pomohli charakterizovat genetické zmeny a charakteristiky nadorov

s mozno cielenou onkologickou terapiou.



1.1.1. Triple negativne karcindmy prsnej zl'azy (TNBC)

Sucastou BC je zvlastna skupina nadorov-,triple” negativne karcindmy
prsnej Zlazy (TNBC). TNBC je skupina nadorov vacsinou s agresivnym
spravanim u recidivujucich tumorov s naslednym horSim dlhodobym
prezivanim s nepriaznivou prognézou v porovnani s non TNBC (Allison a
kol., 2019, Bauer a kol., 2007, Blows a kol., 2010, Liedtke a kol., 2008). Tvori
asi 15% vsetkych BC, a su charakterizované vyraznou heterogenitou.
Imunohistochemické metddy definuju ,triple“ negativny mamarny
karcindm (TNBC) ako karcindm s negativhou expresiou estrogenového
receptoru (ER), progesteronového receptoru (PR) a receptoru ludského
epidermdlneho rastového faktoru 2 (HER2), zaroven s negativitou
amplifikacie génu metddou FISH (Bauer a kol., 2007). Biologické chovanie a
patologicka odpoved TNBC na liecbu podla klasifikacie PAMS50, ktora
rozdelovala TNBC na 2 skupiny (,basal like“ a ,non basal like“) bolo
rozdielne, a nepredikovalo typ patologickej odpovede a biologické
spravanie tychto nadorov (Hu akol., 2007). Daldie klasifikicie BC so
zameranim na TNBC vznikli za ucelom stratifikacia nddorov s vyssim a nizsim
rizikom agresivnosti biologického spravania ich prediktivnej patologickej

odpovede na terapiu a vznik naslednej ucinnej cielenej terapie.



1.1.1.1.Klasifikacia podla Lehmana

Klasifikdcia podla Lehmana a spol (Lehman akol., 2011, Garrido-Castro
a kol., 2019) na zaklade expresie ESR1, PGR a ERBB2 rozdelila TNBC do 7
zvlastnych podskupin: ,basal likel” (BL1), ,basal like2“ (BL2),
Limmunomudulatory“ (IM), ,mesenchymal“ (IM), ,mesenchymal stem -
like” (MSL), ,luminal androgén receptor” (LAR) a “unstable cluster (UNS
typ). Kazdy podtyp je charakterizovany odliSnymi genetickymi zmenami
z hladiska rozdielnej expresie RNA a somatickych mutacii a genetickych
patologickych ciest a klu¢ovych veducich mutacii. BL1 typ je bohaty na gény
zapajajuce sa do poskodzovania DNA a do reguldcii bunkového cyklu
(pritomnost TP53 mutacie, amplifikacia MYC, CDK6, CCNE1, delécia BRCAZ2,
PTEN, MDM2 a RB1 géne) (Garrido-Castro akol., 2019). BL2 typ
charakterizuje vysoky level rastovych faktorov, vysoka metabolickd aktivita
a prolifera¢ny fenotyp. IM charakterizuju gény zapojené do spracovania a
prezentdcie antigénu, signalizacie imunitnych buniek a cytokinov (JAK/

STAT, TNF, NFkB) (Garrido-Castro a kol., 2019).

M/ MSL typ je bohaty na gény, ktoré ovplyvriuju bunkovd motilitu, bunkovu
diferenciaciu, angiogenézu a proces EMT. LAR typ obsahuje gény
s elevaciou mRNA a vysoky level proteinu AR, obsahuju pocetné mutacie
v génoch PIK3CA, KMT2C a CDH1. Biologické spavanie TNBC, hlavne typu
M/MSL, podla Lehmana spojeny s EMT - zaujimavym javom, spojenym s
progresiou zhubného nadoru a jeho metastdzovania (Kalluri a kol., 2003,

Kalluri a kol., 2009).



1.1.1.2. Klasifikacia podla Bursteina

V tejto klasifikacii (Burstein a kol., 2015) boli pritomné 4 stabilné
molekuldrne subtypy podla mRNA profilovania: luminal androgén receptor
(LAR), mesenchymal (MES), basal-like immune-suppressed (BLIS), and
basal-like immune-activated (BLIA). mRNA profilovanie nadorov dali do
vztahu simunohistochemickymi metédami zaloZzenymi na expresii
markerov: AR, Claudin 3, E cadherin, CK5/6, EGFR a IDO1, a FOXC1. ,Basal
like” subtypy TNBC boli stratifikované podla statusu IDO1 a FOXC1. BLIA typ
bol definovany ako ,basal like“ tumor, ktory bol IDO1 pozitivny a FOXC1
negativny. BLIS typ definoval imunohistochemicky status IDO1 negativny

a FOXC1 pozitivny.

LAR typ bol asociovany svyssSim vekom, apokrinnymi histologickymi
obrazmi, nizkou denzitou stromalnych TIL, a nizkym proliferacnou aktivitou
Ki 67. MES typ bol spojeny s metaplastickymi histologickymi ¢rtami. ,Basal
like“ typy boli spojené smladou vekovou kategériou, vysokym
histologickym grade, vysokou proliferanou aktivitou Ki67 a vysokou
denzitou TIL. BLIS typ mal najhorSiu progndzu z tychto vsetkych skupin
TNBC (Kim a kol., 2018).
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1.1.2. Onkologicka liecba TNBC

U pacientov s TNBC neprichddza do uvahy systémova lieCba v podobe
hormonalnej endokrinnej terapie a tiez cielenej anti HER terapie. Na prvou
mieste sa pouziva chemoterapia v podobe taxanov (docetaxel, paclitaxel),
alebo antracyklinov, alebo ich kombinacii. Menej sa pouzivaju iné
chemoterapeuticka v lieebnych schémach cyclophosphamid, metotrexat a
flourouracil. Dal$ou lie¢ebnou modalitou si EGFR inhibitory pri nadoroch
s pozitivnou expresiou proteinu EGFR. Dal$imi modalitami st inhibitory a
Specifické protilatky proti rastovych vaskuldarnym faktorom, ktoré

podporuju angiogenézu anti VEGF (bevacizumab a iné).

Sfubnym liekom u BRA1 a BRCA2 pozitivnych nadorov, ktoré nesu mutaciu
génov BRCA1/2 (asi u 10% TNBC pacientov) su inhibitory PARP poly(ADP-
ripose) polymeraza, enzymov zapajajucich sa do oprav DNA buniek
(Garrido-Castro a kol., 2019, Reyes a kol., 2018). PARP inhibitory spdsobuju
poruchy mitotickej aktivity buniek so zablokovanim bunkového cyklu a
apoptdézy nadorovych buniek (Garrido-Castro a kol., 2019, Reyes a kol.,
2018).

Novou érou terapie je imunoterapia pomocou inhibitorov imunnych buniek
(,immune check point” inhibitory) (Reyes a kol., 2018). U TNBC hlavne typ
IM, (dle Lehmana), alebo u nadorov s dokazom imunitnych signatur bol
dokazany benefit zimunoterapie , ktory bol dokazany u cca 20% pacientov
s TNBC (Yin a kol., 2018), PDL1 inhibitory sa ukdazali ako potencidlne latky,
ktoré mozZu podstatne zvysit preZitie a kvalitu Zivota u pacientov s nadoromi
prsnej Zlazy, hlavne pacientov s TNBC. (Garrico Castro a kol., 2019, Chen
kol., 2015). Kombindcia PDL1 inhibitorov a chemoterapie ma svoje miesto

a je ucinna (Garrido-Castro a kol., 2019, Yin a kol., 2018)
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1.2. Epitelo-mezenchymalna tranzicia (EMT)

EMT je jav, ktory umoZniuje epitelovej polarizovanej bunke spojenej
s bazalnou membranou podstupit viaceré biochemické zmeny, ktoré jej
umoznuju prijat fenotyp mezenchymalnej bunky. EMT sa vyskytuje v 3

odliSnym biologickych prostrediach, ktoré maju rozne funkéné dosledky.

Z hladiska nasej prace je najdolezitejSim EMT 3.typu, ide o EMT spojené
s progresiou karcindmov a ich metastazovanim, kedy sa meni fenotyp
nadorovej bunky za ucelom lahSieho prenikania a Sirenia sa bunky do
stromy lokdlne, i dalej do krvi s vytvaranim vzdialenych metastaz, a tym
progresie nadoru. Ide o EMT, ktoré hra ulohu pri vSetkych solidnych
zhubnych nadoroch v procese metastazovania (Kalluri a kol., 2003, Kalluri
a kol., 2009). Reverzny jav ako EMT oznacuje termin MET (mezenchymovo-

epitelidlna tranzicia) (obr.1).

Basement  Epithelial Primary epithelial ,f;:ﬁ ’ > Invasive and Secondary ./~

membrane el cancer cells ( A [ — metastatic cells epithelial tumor _ “ =

Sy 77‘/ J /: Ao
oA s Blood vessel TR
Normal epithelium Carcinoma in situ EMT Cancer cell Cancercel  MET
intravasation extravasation

Obr. 1 Epitelovo-mezenchymalna tranzicia a metastazovanie. Epitelova nadorova
bunka straca epitelovy fenotyp stratou prilnavosti bunky k bazalnej membrane, a
vzajomne k epitelovym bunkdam medzi sebou, a vycestuje do stromy, a potom dalej do
krvnych ciev. V cielovej tkani pak zaloZi kolénie nadorovych buniek ako zaklad novej
metastdzy nddoru, a vnovom makroprostredi prejde do povodného stavu bunky
s epitelidlnym fenotypom javom opacnym - tzv. MET. (zdroj: prevzaté z ,Kalluri a kol.,

2009°)
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EMT 1. typu je EMT, ktoré je spojené s implantaciou a vyvojom embrya a
vznikom organov plodu, kde sa wvyskytuji spolu rozne typy
mezenchymalnych buniek. EMT, ktoré je spojené s hojenim ran a
regeneraciou tkaniv pri traume a zdpale sa nazyva 2. typom EMT. Tento jav
je spojeny s poskodzovanim tkaniv a zdpalom. Ked' tieto inzulty a zapal

pominie EMT sa konci.

VEMT 3. typu, tzv. mezenchymdlny fenotyp zahffia zvySenu migracnu
kapacitu, invazivnost, zvysenu odolnost voci apoptdze a vyrazne zvysenu
produkciu komponentov extracelularnej matrix (ECM-tzv. mikroprostredie

nadoru) (Kalluri a kol., 2003, Kokkinos a kol., 2007).

Kokkinos a kol. definuju EMT ako stav, ked' sa cytosklelet buniek tvorenych
skeletalnou sietou bohatou na keratiny, charakterizovanou tesnym
medzibunkovymi spojmi a hemidesmosdmami, meni na cytoskeletovu siet
bohatu na vimentin s fokdlnymi medzibunkovymi spojmi - adhéziami

(Kokkinos a kol., 2007).

Proces EMT definuje pritomnost, alebo zvySend expresia niektorych
mezenchymalnych markerov a absencia, alebo zniZzena/zvysena expresia
epitelovych proteinovych markerov ako vimentin, E cadherin a N cadherin (
Kalluri a kol., 2009). Vimentin je dolezity vldknity protein, poskytujuci
Strukturdlnu a funkénd podporu nadorovej bunke. Udrzuje mechanicku
integritu nadorovych buniek pri EMT (Liu a kol.,2015). V pociato¢nej faze
rozvoja nadoru je koncentracia vimentinu velmi nizka, ale pri progresii
tumoru s vysSim pTNM sa zvySuje (Usman a kol.,2021, Patel a kol., 2015).
NajznamejSou biochemickou zmenou spojenou s EMT je absencia expresie
E cadherinu ako intercelularneho adhezivného proteinu (Medici akol.,

2008, Gheldof a kol., 2014, van Roy a kol., 2009, Vleminckx a kol., 1991),
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ktory zabezpecuje stabilitu tesnych adherentnych spojov medzi bunkami a
je kfdcovym pre zachovanie epitelového fenotypu buniek a stabilitu tkaniv
(van Roy akol., 2008). Pocas procesu vzniku maligneho tumoru bolo
popisanych niekolko mechanizmov, pri ktorych dochadza k porucham
funkcie E cadherinu ( Roy a kol., 2009, Strumane a kol., 2004, Guilford a kol.,
1998, Berx a kol., 1998, Sundfeldt a kol., 2003, Kleer a kol., 2001). N
cadherin ako dalsi zdstupca cadherinov ma opacnu ulohu ako E cadherin,
podporuje invaziu a progresiu nadoru, tym, Ze zvySuje interakciu
nadorovych buniek sostrémou a endotéliami ciev svysSim rizikom
vaskuldarneho Sirenia nadoru (Qi a kol., 2005), a tieZ mechanizmom zvySenej
motility a produkcie protedz myofibroblastov nadorovej stromy (Derycke a
kol., 2006). EMT napomaha progresii TNBC i pomocou mechanizmu

rezistencie nddoru na terapiu (Kvokackova a kol., 2021).

V procese EMT a reverzného deja oznaceného ako MET sa velmi sklonuje
tzv. plasticita u nadorovych buniek (Mills a kol., 2019, Gupta kol., 2019). Bun-
kova plasticita znamena schopnost bunky prispdsobit sa meniacim sa okol-
nostiam. Pojem bunkové plasticity vytvoril niekolko terminov pre popis bu-
niek, ktoré sa nachadzaju medzi kompletnymi epitelialnimi a mezenchymal-
nymi fenotypmi. pEMT (parcialna EMT), hybridné EMT a zmieSané EMT (Ba-
kir a kol., 2020). Doélezitost bunkovej plasticity zdoraznuju niektori autori,
ktori dokazali Ze tzv. hybridné EMT bunky nie su zmieSanymi bunkami epite-
lidlneho a mezenchymalneho stavu, ale ide o dynamiku zmien buniek v hyb-
ridnom stave, ktora poskytuje tymto bunkam zvyseny metastaticky poten-

cial (Kroger a kol., 2019).
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1.3. Metastaticky proces nadoru

Proces nddorového metastdzovania je Sirenie nadorovych buniek do tkaniv
a organov mimo miesta, kde nador vznikol. Tvorba novych sekundarnych
nadorov je komplexny a unikatny dej. Tento proces diseminacie vznika na
zaklade zvysujucej sa heterogenity nadorovej populacie so vznikom
subklonov, ktoré selektivnym tlakom ziskali vlastnosti potrebné pre

realizaciu metastatického rozsevu (Zamecnik a kol., 2019).

Proces sa sklada zo suboru po sebe nasledujucich dejov, ktoré musia byt
dokoncéené, aby nadorova bunka UspeSne metastazovala. Ide o tzv.
metastatickd kaskadu. Pri nej maju zdsadny vyznam zmeny adhézie bunka-
bunka a bunka-matrix. Délezitym dejom pre vznik metastazy je vznik tzv.
premetastatickej niky (PMN)-oblasti alebo urcitého stromalneho
mikroprostredia, ktoré neobsahuje ndadorové bunky, ale svojimi
vlastnostami podporuje prezZitie a kolonizaciu nadorovych buniek do tejto
Specifickej oblasti. Pre tieto deje je dolezitd komunikacia medzi bunkami
nadoru a stromalnymi bunkami PMN. V tomto interceluldarnom predavani
informacii na molekuldrnej bunkovej uUrovni zohravaju délezitu ulohu

exozOmy a tzv. exozomalna komunikdcia (viz kapitoly 1.3.2 2 1.3.3).

1.3.1. Metastaticka kaskada
Dej sa sklada zo 4 faz:
1. migracia nadorovych buniek z primarneho loziska

2. prestup cez cievnu stenu obehu (intravazacia) a prezitie bunky

v cirkuldcii
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3. extravazacia-vystupenie cez cievnu stenu do stromy cielového

miesta

4. metastatickad kolonizacia-zahdjenie rastu metastatického loziska

1.3.1.1. Lokalna migracia nadorovych buniek z primarneho tumoru

Pre uvolnenie buniek z nadorovej masy su ddblezité zmeny expresie a
funkcie molekul zodpovedné za medzibunkové vazby (cadheriny) a vazbu
buniek k extraceluldrnej matrix (integriny). Mechanizmom podporujicim
tento dej je aktivacia génov, exprimujucich integriny, ktoré podporuju
proliferdciu, a migraciu ndadorovych buniek (integrin alfavBeta3),
a potlacenie génov exprimujucich integriny, ktoré su zodpovedné za
adhéziu nadorovych buniek k extraceluldarnej matrix (integrin alfa 2 betal)
(Zamecnik a kol., 2019). Pre preniknutie buniek bariérami musia nadorové
bunky aktivne degradovat extraceluldrnu matrix a tak vytvarat cestu pre ich
migraciu, pomocou proteolytickych enzymov, ako sU matrixové
metaloproteindzy (MMP), alebo katepsiny. V tomto deji zohravu ulohu tiez
uz spominand EMT. Neoplastické bunky zvySuju tym svoju pohyblivost.
Motilitu buniek ovplyviuju tiez zmeny v usporiadani cytoskeletdlnich
proteinov, a tiez receptorové interakcie s molekulami extraceluldrnej
matrix, ktorou migrujuca bunka prenikd. Nadorové bunky s takymi
vlastnostami opustaju primarny nador, rozrusuju bazalnu membranu,
prenikaju intersticiom a migruju k bazalnej membrane ciev (Zdmecnik

a kol., 2019, Nataraj a kol., 2021).
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1.3.1.2. Intravazacia (vaskuldarna diseminacia) a extravazacia

nadorovych buniek

Nadorové bunky prenikaju do krvnych alebo lymfatickych ciev tym, Ze
najprv proteolyticky zni¢ia bazalnu membranu cievy a potom prenikaju
medzi endotéliami do cievneho riecista. Cievy nadoru nemaju dobre
vytvorené endotelidlni spoje a nemaju podporné pericyty, ani bazalnu
membranu, ¢o spésobuje ich zvysenu priestupnost. Invazia do tychto ciev a
ich dalsie Sirenie na iné miesto je pre nadorové bunky lahsie. Nadorové
bunky tvoria vcievach mikrotromby, ktoré pomahaju neoplastickych
bunkam lepsSie prezitie, ale i jednoduchSiu extravazaciu mimo cievy a

zalozenie nového lozZiska (Zamecnik a kol., 2019).

Interakcie endotelu a nadorovych buniek v krvnom lumene je rozdelend na
pociato€nu fazu tzv. fazu “dockingu®, kedy bunky naddoru tvoria volné vazby
s endotelom, a pozdnu tzv. “locking” fazu, kde ide o pevnu adhéziu.
NajpevnejSie adhézie medzi bunkami sprostredkovavaju integrinové
receptory. V tomto procese sa uplatiuje selektivna vazba medzi nddorovou
bunkou a receptorom na endotelidlnej bunke (tzv.” homing”) (Zamecnik

a kol., 2019)
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1.3.1.3. Metastaticka kolonizacia nadorovych buniek

Ide o poslednu, najnarocnejsiu etapu kaskady, kedy bunky maju schopnost
prezivat a rast vo zvlastnom mikroprostredi (premetastatickd nika-PMN),
ktoré jej Specidlne pomaha a podporuje ju. Ide o PMN opisanu nizsie

(Zamecnik a kol., 2019, Nataraj a kol., 2021) (obr.2).
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Obr. 2 Schematicky model metastatického Sirenia nadorovych buniek (zdroj:
prevzaté z ,Nataraj a kol., 2021°)

Primarne nadorové bunky su zabudované v mikroprostredi tvorenym stromadlnymi
bunkami ako su fibroblasty asociované s karcinomom (CAF), myeloidné supresorové
bunky (MDSC), dendritické bunky (DC), prirodzené NK bunky, T bunky, supresorové
bunky, tumor asociované makrofagy (TAM), a neutrofily s krvnymi cievami. Vylu¢ovanie
nadorovych buniek a ich invazia cez tkanivové bariery umoznuje vytvorenie cirkulujucich
nadorovych buniek (CTC) a dokoncenie procesu intravazacie. V krvnych cievach su
zhluky CTC a osamotené bunky chranené krvnymi dostickami, ktoré pomadhaju aj
extravazacii. Solubilné faktory a exozémy vyluéované nddorom spolupracuju na
vytvoreni premetastatickej niky. Mikrometastdzy casto prechddzaju dlhou fazou
dormancie. Rastové faktory (zobrazené ako cervené bodky) a cytokiny zahrnuté
v kazdom kroku kaskddy su uvedené v odpovedajicich rdmcéekoch. Pouzité skratky:
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CCL2, C-C chemokinovy ligand 2; CXCL123, chemokinovy ligand 12 C-X-C; EGF,
epidermalny rastovy faktor; FGF, fibroblasticky rastovy faktor; HB-EGF, heparin viazuci
,EGF like” rastovy faktor; HGF, hepatocytarny rastovy faktor; IGF, inzulinu podobny
rastovy faktor; PDGF, platelet-derived growth factor; PIGF, placental growth factor;
TGFB, transforming growth factor beta; VEGF, vascular endothelial growth factor; WNTs,
Wnt family members.

1.3.2 Exozémy a intercelularna komunikacia

Uvodom k PMN je dolezité definovat pojem extraceluldrne vezikuly (EVs),
ktoré su heterogénnou skupinou membranovych struktir o roznej velkosti,
ktoré su vypudzované vsetkymi typmi buniek do extracelularnych
priestorov a maju vela roznych fyziologickych a patofyziologickych funkcii

(Raposo a kol., 2013, Colombo a kol., 2014).

Rozne typy EVs zahfiaju exozomy, mikrovezikuly, apoptotické telieska,
onkozdmy a megazomy, ktoré su charakterizované na zdklade ich
biogenetickej ceste vzniku a na zaklade ich velkosti. Exozémy maju
endocyticky povod a vznikli fuziou medzi multivezikuldarnymi telieskami a
plazmatickou membranou bunky. SU podtypom extraceluldarnych vezikul
s priemerom 30-150 nm (Tai a kol., 2018, Rajagopal a kol., 2018, Kalluri a
kol., 2003). Exosémy boli ndjdené v krvi, moci, slindch a inych telovych
tekutinach (Kalluri akol.,, 2009). Ako klu¢ovy hra¢ vintercelularnej
komunikacii, exozdmy prenasaju informacie cez ich naklad - su dolezité pre
vymenu lipidov a proteinov a genetickej informacie medzi bunkami
pomocou MRNA, DNA a miRNA (Dai a kol., 2020). Hraju hlavnu ulohu
v progresii zhubného nddoru (Mathivanan a kol., 2012, Hannafon a kol.,
2013). Exozoémy odvodené od tumoru (,,tumor-derived” exozémy - TDE), su
aktivne produkované nadorovymi bunkami, ktoré ich vyuzivaju k podpore a

rastu tumoru. Su nosi¢mi informacii, prenasajuce molekularne a genetické
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spravy z nadorovych buniek do normalnych alebo inych abnormalnych

buniek sidliacich v blizkych alebo vzdialenych miestach.

TDE nesu naklad, ktory sCasti napodobnuje obsah rodicovskych buniek a su
rovnako potencidlne zaujimavé ako neinvazivhe biomarkery rakoviny
(Therasa a kol., 2016). Niektoré Studie dokazali, Zze TDE sa zapdjaju do
vymeny genetickej informacie medzi nadorovymi bunkami s vysledkom
produkcie pocetnych novych krvnych ciev, ktoré podporuju rast nadoru a
invaziu (Mears a kol., 2004, Vaksman a kol., 2014). Tiez ovplyviauju EMT
(Rahman a kol., 2016, Cai a kol., 2021, Gaballa a kol., 2020) ako javu, ktory
zvysuje agresivnost nadoru cestou podpory metastazovania nadorovych
buniek (Rahman a kol., 2016, Huang a kol., 2020, Cai a kol., 2021, Gaballa a
kol., 2020). Tym vSetkym podporuju progresiu nadoru (Paskeh a kol., 2022,
Ramirez-Ricardo a kol., 2020, Yang a kol., 2021). Funkcia TDE je zhrnuta v
obr. 3.
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Obr.3 TDE a ich funkcie. TDE sa zapdjaju okrem uz spominanej tvorby PMN aj do
dalsich funkcii ako regulacia imunity, ovplyvnenie EMT, rezistencia na onkologické
chemoterapeutika pomocou ovplyviiovania proliferacie nddorovych buniek.(zdroj:

prevzaté z“ Yang a kol., 2021“)

1.3.3. Tzv. premetastaticka ,,nika“ (PMN) ako prekurzor metastaz

Vzniku vzdialenej metastazy nadoru predchadza vznik tzv. predchodcu
metastdzy, ktorym je tzv. premetastatickd nika. Ide o mikroprostredie,
ktoré je vhodné pre nadorovu invaziu, vytrvanie a proliferaciu malignych
buniek, s cielom vyvinu do metastazy tumoru (Psaila a kol., 2009). Pojem
premetastatickd nika pouzil poprvé Kaplan se spolupracovnikmi (Kaplan a
kol., 2006), a potom dalsi autori (Psaila a kol., 2009). Definovali PMN ako
oblast podporujicu vyZzivu nadorovych buniek, avSak bez pritomnost
neoplastickych buniek. Napokon prvy autor, ktory dal zaklad koncepcii PMN

a metastazovania primarneho nadoru bol Paget vo svojej tedrii ,semienka
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a pody” (Paget akol., 2008). Délezité prirovnanie a tvrdenie je:“ Ked'rastlina
rastie rozsSiruje svoje semienka. Jej semena su nesené vsetkymi smermi, ale
mozu Zit a rast len vtedy, ked padnu na Urodnud pohostinnd pédu”. Primarny
nador (rastlina) produkuje semienka (nddorové bunky), ktoré zakladaju
vzdialené metastazy v oblastiach na to vhodnych a predurcenych (drodna
poda) (Paget a kol., 1889, Fidler a kol., 2008). Niektoré prace ukazuju, Ze
formacia pre-metastatické niky (PMN) zavisi vo velkej miere na uz
spominanych TDE (Kaplan a kol., 2005, Peinado a kol., 2011, Sceneay a kol.,
2013, Peinado a kol., 2012, Hood a kol., 2011, Spugnini a kol., 2018) (obr.
4).
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Obr.4 Schematicky obrazok znazorriuje exozomalny transport z primarneho tumoru,
ktory ovplyviiuje vznik PMN, a ma vplyv na EMT. (zdroj: prevzaté z ,Spugnini a

kol., 2018 “)
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1.3.3.1. Vyznam TDE pri formovani premetastatickej niky (PMN)

TDE produkované ndadorovymi a stromalnymi bunkami sa cirkulaciou
dostavaju do vzdialenych organov, kde spustaju kaskadu lokalnych zmien
zahrnujucich zvySenie vaskularnej permeability (Huang a kol., 2009, Araldi
a kol., 2012), remodelaciu modifikovanej extracellularnej matrix (ECM),
atrahovanie buniek kostnej drene (Kitamura akol., 2015, Wang a kol.,
2019), angiogenézu (Gupta a kol., 2007, Huang a kol., 2009, Zhou a kol.,
2014), a imunosupresiu (Chen a kol., 2011, Tacke a kol., 2012, Giles a kol.,
2016). ZvySenie vaskularnej permeability podporuje extravazaciu
nadorovych buniek a ulahluje metastazovanie znicenim adhezivnych
molekdl medzi endotelidlnymi bunkami. Dal$ou klG¢ovou udalostou pri
tvorbe PMN je remodelacia ECM, ktora je charakterizovand depoziciou
novych komponent ECM a expresiou enzymov suvisiacich s modifikaciou
ECM. Remodelovana ECM zvysuje tuhost matrice, ¢o ovplyviuje vlastnosti

nadorovych buniek (Erler a kol., 2009, Cox a kol., 2013, Wu a kol., 2021).

DalSou funkciou TDE je mobilizacia buniek kostnej drene, ktoré sa v
cielovych orgdnoch zucastiuju angiogenézy a imunitnych reakcii. (Dong
a kol., 2021). TDE prispievaju k imunosupresivnemu mikroprostrediu PMN
(Seubert a kol., 2015, Patel a kol.,, 2018). Mechanizmom vzniku tejto
imunosupresivnej PMN je imunitny Unik navodeny pomocou tzv. ,exosome-
derived“PD-L1, ktoré su pritomné vo vysokych hladinach v nddorovom
tkanive, stromalnych bunkdach a tumor asociovanych antigén-
prezentujucich bunkdach (Boussiotis a kol., 2016, Dong a kol., 2002, Chen
a kol., 2015, Gordon a kol., 2017). DalSim mechanizmom imunosupresie je
vyplavovanie inhibitorov imunitnych buniek. Nadorové exozémy spdsobuju

atrahovanie ,tumor-associated” makrofagov (TAMs), tumor-asociovanych
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neutrofilov (TAN), regulacnych T (Treg) buniek a myeloid-derivovanych

supresorovych buniek (MDSC) na vzdialené sekundarne miesta (Liu a kol.,

2016). Tieto imunitné bunky inhibuju protinddorova aktivitu ostatnych

buniek (McAllister a kol., 2014, Liu a kol., 2016). VSetky tieto opisané deje

zhrnuje obr.5.
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1.4. Mnohostranna uloha tetraspaninu CD9 u nadorov

Sucasny vyskum TNBCs je zamerany na identifikdciu novych proteinov ako
kandidatov efektivnej cielovej onkologickej terapie (Allison a kol., 2019)

alebo ako novych prognostickych markerov.

Tetraspanin CD9, tiez zndmy ako TSPAN29, alebo protein 1 suvisiaci
s motolitou, je ¢lenom zrodiny transmembranovych proteinov, ktora sa
vyznacuje Styrmi transmembranovymi doménami, dvoma extracelularnymi
sluckami a kratkymi intracelularnymi N- a C- koncami (Obr. 6A) (Reyes a
kol., 2018, Brosseau a kol., 2018). Rovnako ako ostatné tetraspaniny moze
podstupit CD9 palmitoylaciu na kazdom zjeho membranovych
proximalnych cysteinov, ktora ovplyviuje jeho interakcie s dalSimi
partnermi (Yang a kol., 2006). Tetraspaniny vSeobecne tvoria mikrodomény
obohatené tetraspaninom (TEM) v bunkovych membrénach. V rdmci tychto
domén interaguju sroznymi transmembranovymi a intercelularnymi
partnermi, vratane dalSich tetraspaninov, integrinov, protedz,
imunoglobulinov a intraceluldrnych signdlnych proteinov (Rubinstein a kol.,
2013). Preto biologické ucCinky CD9 zavisia na tychto dynamickych
interakcidch vo vnutri TEM (Reyes a kol., 2018, Rubinstein a kol., 2013). Bol
navrhnuty tzv. model retazenia, pri ktorom sa vytvaraju komplexy
CD9/EWI-F, ktoré mozu vysvetlit vyskyt tychto TEM (Hemler a kol., 2005).
Okrem tetraspaninov (napr. CD63, CD81, CD151 a TSPAN4), CD9 interaguje
s poetnymi transmembranovymi proteinmi, ako su integriny (napr.
CD49c¢/ITGA3 a CD29) (Reyes a kol., 2018, Soung a kol., 2017), proteiny
imunoglobulinovej rodiny (napr. EWI-F/PTGFRN a EWI-2/IGSF8) (Reyes a
kol., 2018, Radford a kol., 1996), heparin viazaci rastovy faktor faktor
podobny EGF (Wang a kol., 2011), a metaloprotedza ADAM17 (A Disintegrin
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And Metalloproteinase 17) (lwamoto a kol., 1994). CD9 je tiez schopny
interakcie s dalSimi proteinmi ako CD19, CD46 a CD117 (Machado-Pineda a
kol., 2018, Anzai a kol., 2002, Horvath a kol., 1998). Velmi ddlezitu ulohu
hraju interakcie sintracelularnimi signalnymi molekulami (Yang a kol.,
2006). Ide hlavne o interakcie s malymi GTPazami zrodiny Rho, ktoré
ovplyviuju aktinovy cytoskelet (Gutierrez-Lopez a kol., 2011, Herr a kol.,
2014), ERM proteiny, ktoré sprostredkuvaju vazbu s cytoskeletom a PKC
(Arnaud a kol., 2015), ktory reguluje funkciu Sirokej skaly proteinov. Je
jasné, Ze tetraspanin CD9 hra komplexnu ulohu ako vo fyziologickych

podmienkach tak i u vela chordb vratane solidnych nddorov (obrazok 6B).

Obr. 6 CD9. Struktira CD9 a jeho tloha pri nddoroch, vratane exozomalneho transportu
(A) Protein CD9 sa sklada zo styroch transmembranovych domén, kratka (EC1,SEL) a dlha
(EC2,LEL) extraceluldrna slucka, kratka intracelularna slucka a kratke intracelularne N-
a C- konce. V LEL su dva disulfidové mosty, z nich kazdy obsahuje jeden cystein, typicky
znak rodiny tetraspaninov. (B) CD9 sa podiela na mechanizmoch podporujucich
potlacovanie rastu nadoru. Boli popisané studie o Ulohe migracie nadorovych buniek
ainvazie, napr. ovplyvnenim aktin-polymerizacie a reorganizacie na bunkovych
vybezkoch, alebo zvySenim produkcie proteindzy MMP-2, ktory rozklada zlozky ECM
behom bunkové invazie. ZvySena expresia CD9 bola spojend so zvySenou signalizaciou
v protumorigennnej NF-k B drahe. Zvysena expresia CD9 zoslabuje signalizaciu EGFR
atym potlacuje bunkovu proliferdciu. Inde popisali vysSiu pritomnost metastaz
v bunkach so zniZzenou expresiou CD9. Down regulacia CD9 bola pozorovana u buniek,
ktoré podstupili EMT. CD9 tiez ovplyviiuje neoangiogenézu nddoru podporou
signalizacie VEGFR3 v endotéliach. Transendotelidlna migrdcia nadorovych buniek je
podporovana reorganizaciou Struktiry CD9 v miestach kontaktu (medzi endotelom
a nadorovou bunkou). Exozémy transportuju naklad medzi bunkami v mikroprostredia
nadoru, a tak umoZiuju vzajomnud komunikdaciu. Vytvaraju premetastaticki niku
v ciefovom organe pred kolonizaciou. Exozédmy podporuji liekova rezistenciu
niekolkymi mechanizmami (transportom liekov z nddorovych buniek, alebo
neutralizaciou konjugovanej protilatky drogy. (zdroj: prevzaté z ,Ondrussek a kol.,
2023%)

26



yaeiins membrane phospholipid TX  coysteine at position X
_ transmembrane domain I%) asparagine at position X
_ helix in the LEL A potential palmitoylation site
.......... disulfide band == potential N-glycosylation site

B - 1€D9 — TMMP-2 secretion®
LCD9 — |B1 integrin 1ECM remadelling during
linked to |adhesion and cell migration
1CD9 — |EGFR [{!ls@&mlnaﬂnn in ovarian
signalling”*® carcinoma ‘
Leell praliferation “

endothelial
cell

cog
€D9 relocalization
in endothelial cells®

during transendothelial
migr: of melanoma cells

o@w acn K

1CD9 — tactin reorganization
1€D9 — tNF-xB signallin
due to 1TNF-a expression

t formation of protrusions
durinagksell fmigration via FAKS
or PI3K™ signalling

cancer cell 1€D9 —» {VEGFR3
signalling®™

{necanglogenesis
and lymphangiogenesis

|€D9 observed after EMT*?
and in cells with higher
metastatic rate™

c JIE fet] — R ® rx Ly wmme2 ~— actin filament
o= integrin P veGrR3 @ FAK 0 NFxB — ECM
4 P

r . Ab-conjugated
communication
7;&‘)’\ o T with the tumor

miﬂuemlrnnman:jg
‘Kl_ other cancer cell

endocytosis

various

gmi . é@@ rg:g)\'\desi:ular @
.ta;e(s 0@ \..» @d@‘ exnsome

secretion
. \”g /
. .
lysosomal 4
degradation ™=

°
50

1 anti-cancer drug @ @ biological macromolecule O lysosome —$ o
-< antibody @ drugtarget 0 exosome ”.__ blood vessel

27



CD9 moduluje bunkovu adhéziu, migraciu a proliferaciu buniek. Ovplyviiuje
proces tvorby a stabilizacie bunkovych membran a proces bunkového
vezikuldrneho transportu vratane exozémov (Rappa a kol., 2016).
Vyznamne sa uplatiuje v interakcidach medzi nadorovymi bunkami a
stromdalnym mikroprostredim, ktoré podstatnym spdsobom ovplyviuju rast

a metastazovanie nadorov (Ekstrom a kol., 2022, Yoshioka a kol., 2013).

1.4.1 Fyziologické ulohy CD9

CD9 je kfu¢ovym regulatorom bunkovej adhézie vimunitnom systéme a hra
dolezitu ulohu vo fyzioldgii leukocytov a endotelidlnich buniek, tiez i
v krvotvorbe a pri zrazani krvi. Dal$imi fyziologickymi funkciami je fuzia
spermii s vajickom (Miyado a kol., 2000), rast neuritov (Kagawa a kol., 1997)
alebo myotubulov (Charrin a kol., 2014). Jednou z ddélezitych funkcii CD9 je
regulacia diferencidcie hematopoetickych kmenovych buniek v kostnej
dreni a kritické udalosti krvotvorby. Je potrebny pre megakaryocytarnu
(Clay akol.,, 2001), lymfoidnu a myeloidni diferenciaciu (Oritani a kol.,
1996). Uloha CD9 v réznych imunitnych bunkach a jej vyznam pre zapal
preskimal Brosseau a spol (Brosseau a kol., 2018). CD9 hra doélezitu ulohu
v imunitnej synapse (Reyes a kol., 2018). CD9 ovplyviiuje virusové (Sims
a kol., 2018) a bakteridlne infekcie (Ventress a kol., 2016, Green a kol.,
2011). V ramci TEM moduluje CD9 r6zne procesy vyvolané virusom, zahrnuc
membranové fuzie, pucanie a uvolnenie virusov. Sims a kol. dokazal, Ze
exozémy mozu zosilnit vstup HIV 1 do ludskych T a monocytarnych
bunkovych linii pomocou tetraspaninovych proteinov CD81 a CD9 (Sims

a kol., 2018).
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1.4.2. CD9 v exozomoch a medzibunkova komunikacia

Tetraspaniny su bohatou stucastou exozomalnej membrany, pricom CD9 je
jednym z najéastejsSie pritomnych, spolu s CD63, CD81 a TSPANS8 (Lorico a
kol., 2021, Mathivanan a kol., 2010). Ddlezité je, ze tetraspaniny mozu
ovplyvnit zloZenie exozdémov prostrednictvom interakcii s ich vazbovymi
partnermi (obr.7).

Mechanizmy exozémovej biogenézy su vysoko regulované pomocou
niekolkych odlisSnych ciest, vratane ESCRT (endosomal sorting complexes
required for transport) - zavislé a ESCRT - nezdvislé ceste (Tai a kol., 2018).
Aj ked uvolfiovanie exozomov je fyziologicky proces, jeho zvysena rychlost
a Specificky naklad posobia priaznivo pre onkogénnu progresiu a vznik
metastaz (Rajagopal a kol.,, 2018). Exozomdlna komunikacia nie je
obmedzena len na nddorové bunky, ale tiez bola zobrazena v roéznych
typoch buniek v mikroprostredi nadoru lokalne i vzdialene. Bioaktivne
molekuly, vratane CD9, odvodené od exozémov nadorovych buniek a
stromalnych buniek, poskytuju zasadné signdly na vychovu réznych buniek

a remodelaciu architektury nadoru (Miki a kol., 2018, Nigri a kol., 2022).
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Obr.7 CD9 ovplyviiuje proces bunkového vezikularného transportu.

Zdroj: prevzate z“ Rappa a kol.,2015%)

1.4.3. CD9 v nadorovych bunkach: Dr. Jekyll a pan Hyde

Expresia CD9 je deregulovana v celej Skale patologickych procesov vratane
zhubnych nadorov, ale presny mechanizmus , ktory spésobuje zmenu a
suvisiace dosledky nie su dobre pochopené (Rubinstein a kol., 2013).
Analyza vazbovych miest v oblasti prométora génu CD9 identifikovala E2F,
NFkB, SP1 a STAT3 ako hlavnych transkripénych faktorov v procese
karcinogenézy a progndzy ochorenia (Fishilevich a kol., 2017). CD9 hrd
dudlnu ulohu v nddorovej progresii, vykazujic tumor -podporujuice i tumor-
suprimujuce schopnosti (Ondrussek a kol. 2023). Nasi spolupracovnici
pomocou ,flow” cytometrickej analyzy v predoslej studii zistili, Ze znizena
expresia CD9 and CD29 v bunkach karcindmu prsnej Zlazy je spojena s EMT
(Remsik a kol., 2018). V tejto praci sme si dali za ciel vySetrit CD9 a CD29
spolo¢ne s E-cadherinem a vimentinem (EMT znaky) v subore pacientiek

s TNBC.
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1.5. CD29 ako sucast integrinov

Integriny su velkou rodinou transmembranovych proteinov zapojenych do
bunkovej adhézie. Tvoria spojenie medzi intracelularnymi cyskeletalnymi
proteinmi a proteinmi extraceluldarnej matrix. Integriny existuju ako
heterodimery skladajuce sa z alfa a beta podjednotiek. Zapdjaju sa do
roznych procesov ako je prenos signalu, migracia buniek, proliferacia,

diferencidcia a apoptdza (Hynes a kol., 2002, Giancotti a kol., 1999).

1.5.1 Struktara integrinov

Integriny sa skladaju z troch domén: extracelularna doména,
transmembranovd doména a cytoplazmaticky koniec. Velkd globularni
extraceluldrna doména je zodpovednd za vazbu ligandu, kym
transmembranova oblast je jednopriechodova a-helix. Cytoplazmatické
konce su kratke nestrukturované oblasti, ktoré tvoria disulfidové mostiky
medzi alfa a beta proteinmi a tieZ interaguju s adaptorovymi proteinmi,
ktoré su spojené s cytoskeletom. Integrinové komplexy su schopné
signalizovat obojsmerne. Vazba ligandu na vonkajsej strane bunky mdze
vyvolat intracelularnu odpoved, ako je reorganizacia cytoskeletu (Giancotti

a kol., 1999) (Obr. 8).
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Obr. 8 Schematické znazornenie integrinovej Struktury vseobecne. Integrinové alfa a
beta podjednotky su zloZené z extraceluldrnich, transmembranovych a intraceluldrnich domén.
Velka extraceluldrna doména moze byt rozdelend na niekolko mensich domén. Nie vsetky

integrinové heterodiméry obsahuju alfa | doménu. (zdroj: prevzaté z ,,Nevo a kol., 2010“)

1.5.2. Podjednotka integrinu beta 1 (ITGB1, alias CD29)

CD29 znamy ako integrin beta-1 je povrchovy bunkovy proteinovy receptor
kédovany genédm ITGB1 patriaci do skupiny kolagénovych receptorov, je aj
tzv.markerom EMT(Geng a kol., 2013). CD29 reguluje rozne biologické
procesy a hra rozne signalizacné ulohy pri normdalnom vyvoji tkaniv i pri
ochoreniach. Medzi biologické procesy, ktoré ovplyviuje, patri bunkova
proliferacia, prezivanie buniek a ich migraciu (Juliano a kol., 1993, Clark
a kol., 1995). CD29 je ovplyviiované hlavne proteinom glukdézového

transportu v nadorovych bunkach tzv. Glut 1 (Oh Sunhwa a kol., 2017).
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1.5.3. Interakcie medzi integrinmi a transmembranovymi receptormi

V tychto procesoch sa okrem betal integrinu uplatiuje beta3 integrin a
EGFR. Integriny indukuju ligand - nezavislu transaktivaciu EGFR (Moro a kol.,
1998) a sucasne udrzuju signalizaciu EGFR z plazmatické membrany do
cytoskeletu (Azimifar a kol., 2012, Balanis a kol., 2011) a do jadra buniek
(Cabodi a kol., 2009). Integrin/EGFR je kltcovy prvok pre Sirenie signalnych
drdh, ktoré kontroluju biologické spravanie nddorovych buniek (Cabodi a
kol., 2010, Desgrosellier a kol., 1997). Betal integrin je potrebny pre
signalizaciu EGFR v neoplastickych bunkach, a velmi dolezity pre rast buniek
nadorov pluc a prsnej zZlazy, invaziu a rezistenciu buniek ku Specifickym
liekom EGFR (Morello a kol., 2011). CD29 udrzuje aktivity RTK a stimuluje
signalizaciu IL-3, a nasledne ovplyviiuje bunkovy cyklus endotélii (Defilippi

a kol., 2005), a tvorbu krvnych ciev v nddoroch (Uberti a kol., 2010).

Daldi priklad spoluprdace medzi integrinmi a transmembranovymi
receptormije tzv. TGF-beta rodina. Remodeldcia kolagénu, fibréza a hojenie
ran, a tiez EMT a migrdcia a invazia nadorovych buniek su javy na ktorych
spolupracuju integrin a TGF beta. TGF-beta pomocou ADAM17
sprostredkuje uvolfovanie rastového faktora a zosilfuje onkogénnu
signalizaciu HER2 indukciou zhlukovania heterodimerov HER2/EGFR s
integrinom betal (Wang a kol., 2009). Integriny mo6Zu riadit aj endozomalny
prenos dalSich receptorov (Caswell a kol., 2009), ako EGFR (Morello a kol.,
2011) a VEGFR2 (lvaska a kol., 2011). Schematicky obrazok (Obr. 9) ilustruje

CD29 a drahy a molekuly, ktoré ovplyviuje (Chibueze a kol., 2021).
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Obr. 9 Obrazok ilustruje najdoleZitejSie cesty pdsobenia B-1 integrine/CD29
receptoru. Medzi klfucové cesty, ktoré su riadené pomocou CD29 patria charakteristiky
nadora a biologické schopnosti ziskané viacstupfiovym vyvojom nadora ku ktorim patri:
signalizdcia rastovych faktorov, ktoré ovplyviuju prezitie a proliferaciu nadora, invazia
a metastazovanie, angiogenéza a vaskularizdcia, imunitnd reakcia, a rezistencia na
konvencnu terapiu (zvySenie prezitia, EMT, zosilnena reakcia na stres). (zdroj: prevzaté

z:“ Chibueze a kol., 2021%)
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2. Ciele prace

1. Sledovat kvalitativne a kvantitativne imunohistochemickd expresiu
proteinov CD9 a CD29 v centre a na periférii nddoru, v strome nadoru

ako mikroprostredia, ktoré ovplyviiuje nadorové bunky.

2. Analyzovat expresiu epitelovych a mezenchymalnych markerov E-
cadherinu, a vimentinu pre definiciu javu EMT nadoru, ktory hrd
dolezitu ulohu pri invazii a tvorbe metastaz nadoru. EMT je aj jednou

z pricin vzniku rezistencie na liecbu.

3. Statisticky vyhodnotit tieto Udaje s dal§imi charakteristikami nadoru
v nasom subore ako je histologicky grade, proliferacna aktivita
v podobe proliferacného markera Ki-67, rozsah nadorovej choroby

podla patologického TNM systému a preZivanie pacietiek.

4. V nezavislom subore z Masarykova onkologického Ustavu vyhodnotit

expresiu proteinov CD97, p65, HLA-DR a ITGA3.
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3. Material a metodika

Vysetrili sme subor 75 ,triple” negativhych karcinomov z bioptického
materiadlu z kvadrantektdmie alebo mastektémie pacientiek vysetrenych na
nasom pracovisku patoldgie CGB laboratéria v casovom obdobi od roku
2013 do 2022. Pacientky boli vo vekovom rozmedzi 38 do 81 let, s
patologickym Stadiom tumoru od pT1b do pT4, s histologickym grade lI-lli,
dle Bloom-Richardson systému. Devat pacientiek podstupilo
neoadjuvantnu chemoterapiu (vacSina pacientiek schéma: antracykliny,
cyklofosfamid ataxany, 1 pacientka: carboplatina + gemcitabine, 2
pacientky: capecitabine) a boli vyradené zo Statistickéj analyzy. U 18
pacientiek suboru bolo zistené metastatické postihnutie regionalnych
lymfatickych uzlin. V subore bolo zastupenych 62 invazivnych karcinémov,
NST typ, a dalSie zvlastnejsie podtypy karcindmov s takymto zastupenim: 8
apokrinnych karcindmov, 2 adenoidne-cystické karcindmy, 1 salivary like”
karcindm, bez blizSej Specifikacie (NST) a 2 adenoskvamédzne karcindmy.
Triple negativne karcindmy boli definované ako karcindmy so sucasnou
imunohistochemickou negativitou estrogenového a progesteronového
receptoru a Her 2/neu, vratane negativity genetického vySetrenia FISH.
Ziskané vzorky boli fixované v 10% formaline a zaliate do parafinu.
Tkanivové bloky zaliate v parafine boli narezané na 2-3 mikrometrové rezy
a zafarbené pomocou hematoxylin-eosinu. Protein bol detegovany na
tkanivovych  rezoch Studovanych nadorov metédou nepriame;j
imunohistochémie s pouzitim nasledujucich monoklonalnich protilatok:
kralicia anti CD9 (klon EPR 2949, v riedeni 1:2000; Abcam), krali¢ia anti CD29
(klon EP1041Y, vriedeni 1:2000; Abcam), a nasledujucich protilatok ako

markerov pomahajucich definovat EMT: mysi anti E cadherin (klon NCH-38,
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v riedeni 1:50, Dako), mysi anti Vimentin (klon V9, v riedeni 1:100, Dako).
Imunohistochemické  hodnotenie  bolo  prevedené  kvalitativne-
kvantitativne pomocou H (histo) skére, stanovenom nasobenim percenta
pozitivnych buniek a intenzity farbenia : 0 - Ziadna expresia, 1+ mierna

intenzita, 2+ stredna intenzita, 3+ silnd intenzita.

Expresia bola sledovand v centre nadoru a jej periférii, a to ako v
nadorovych bunkach, tak v stréme, adalej v okolitom nenddorovom
tkanive prsnej zlazy. U pacientiek s pritomnostou lymfatickych metastaz
bola porovnavana imunohistochemicka expresia CD9 a CD29 v primarnom
tumore i v metastatickych uzlinovych loziskach. Vysledky boli vyhodnotené
pomocou Mann-Whitney U testu, Wilcoxonovho testu, Spearmanovho
korelaéného koeficientu a Kaplan Meier analyzou preZivania slog rank

testom (STATISTICA 12,TIBCO Software).

Zvlast uddvame zoznam protilatok pouZitych v studii Kvokackova a kol., na
ktorej sme sa podielali interpretdciou imunohistochemickej expresie na

vzorkach TMA (Tab €.1; viz 4.5 a Kvokackova a kol. 2023).

Tab ¢.1
protein  typ klon antigén retrieval riedenie Kat.¢. firma
CD97 kralici EPR4427 Flex 1:200 ab108368  Abcam
HLA-DR  mysi TAL. 1B5 Flex 1:100 MO0746 Dako
ITGA3 kralici poly Flex 1:100 HPA008572 Merck
p65 mysi F-6 Flex 1:100 sc-8008 Santa Cruz
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4. Vysledky
4.1. Charakteristika suboru pacientiek s TNBC

Nas subor bol tvoreny 75 ,triple” negativhymi karcindbmami (TNBC) z
bioptického materiadlu z kvadrantektomie alebo mastektdomie pacientiek
vySetrenych na nasom pracovisku patolégie EUC Laboratdria CGB a.s.
v ¢asovom obdobi od roku 2013 do 2022, vo vekovom rozmedzi od 38 do
81 rokov. Devat pacientiek podstupilo neoadjuvantni chemoterapiu
(vaésina pacientiek schéma: antracykliny, cyklofosfamid ataxany, 1
pacientka: carboplatina + gemcitabine, 2 pacientky: capecitabine).
Statisticky vyhodnoteny stbor, v ktorom sme sledovali expresiu CD9, CD29,
vimentinu, E-cadherinu aKi67, bol zastipeny 66 pacientkami bez
neoadjuvantnej chemoterapie. Pacientky s chemoterapiou sme vylucili pre
moznu modifikaciu expresie sledovanych proteinov. Klinicko-patologické
informacie o nasej kohorte pacientov su zhrnuté v tabulke ¢.2. Zo 66
pacientiek suboru sa u 18 vyskytol relaps choroby vo forme lokdlnej
rekurencie alebo v podobe vzdialenych metastdz. Styri pacientky mali
metastatické postihnutie regionalnych lymfatickych uzlin a 10 mali
vzdialené metastdzy do pecene, plluc, metastaticky rozsev v koznych
jazvach, alebo generalizaciu tumoru do kostného skeletu a viscerdlnich
organov. U 3 pacientiek bola pritomna nddorova duplicita v podobe
kolorektdlneho a ovarialného karcindmu, a Hodgkinovho lymfému pocas
liecby. Desat pacientiek zomrelo na nadorové ochorenie (breast cancer
specific survival, BCSS), a u 2 pacientiek bola smrt sposobend inou

nespecifickou pric¢inou bez priamej suvislosti s ochorenim (tabulka ¢.2).

Vsetky vySetrované TNBC mali podobnu morfoldgiu s histologickym grade

[I-11l, bez tvorby Zliazok, vacsina s ,high grade” jadrami nddorovych buniek
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a zvysSenu proliferacnu aktivitu, niektoré sintenzivnou lymfocytarnou

reakciou v okolitej stréme nadoru (obr. 10A-C).

Obr. 10 Morfolégia TNBC. A - solidne ¢apy nadorovych buniek, bez tvorby Zliazok, B -
detail nadorovych buniek s , high grade” vezikularnymi jadrami, C - v stréme v tesnom

susedstve neoplastickych buniek intenzivne lymfocytdrne infiltraty.
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Tab €. 2 Klinicko-patologické data suboru TNBC (N=66)

Parameters N %
Age (range 26-81

years)

<40 9 13.6
> 40 57 86.4
Histological sub-

type

invasive ca, NST 53 80.3
apocrine ca 8 12.1
adenoid cystic ca 2 3
adenosquamous ca 2 3
salivary like, NST 1 1.5
Tumor size

pT1lb 10 15.2
pTlc 27 41
pT2 28 42.4
pT3 1 1.5
Tumor grade

Gl 3 4.5
G2 11 16.7
G3 52 78.8
Lymph node status

negative 49 74.2
positive 17 25.8
Recurrence

present 18 27.3
absent 36 54.5
not available 12 18.2
Survival 66

dead 12 18.2
dead from cancer 10 15.2
alive 42 63.6
not available 12 18.2

ca, cancer; NST, no special type
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4.2. Analyza proteinu CD9 v nadorovych a stromalnych bunkach

Cytoplazmaticka expresiu CD9 sme hodnotili v nadorovych bunkach a v
strome pomocou H skére s rovnakymi stupnami intenzity ako pri CD29.
Expresia CD9 v uzlinovych metastdzach bola signifikantne nizsia (p=0.013),
v porovnani sprimarnymi karcindomami (Obr. 11.A-B), s grafickym

zobrazenim tejto skutoc¢nosti Obr.13A).

Stromalna expresia CD9 sa tykala expresie najma v imunitnych bunkach.

U niektorych nadorov sme pozorovali extraceluldrnu pozitivitu CD9 (Obr. 11
C-D), ktord bola pritomna predovsetkym u nadorov s vyssim grade (16 z 17
nadorov). Tento typ expresie nebol spojeny s uzlinovymi metastazami,

alebo s vy$sim pT tumoru.

Obr. 11 Protein CD9. (A)- vysSia expresia CD9 v primarnom tumore, v porovnani s niz-
kou expresiou v MTS lymfatické uzliny (B). C - stromalna expresia v imunitnych bun-

kach, D - zvlastna extracelularna expresia intensity 2+.
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Stromadlna expresia CD9 na periférii (CD9 P-Str H) aj v centre nadora bola

signifikantne spojend s vyssim histologickym grade tumoru (Obr.12).

Krabicovy graf dle skupin
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Obr. 12 Stromalna expresia CD9. ( A) - Stromalna expresia CD9 v centre (CD9 -C-Str-H;
p=0.045), (B) aj na periferii nadora (CD9 -P-Str-H, p=0.010) je signifikantne spojend s

vysSim histologickym grade tumoru.
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Obr. 13. Vztah CD9, CD29 a E cadherinu k metastazam v lymfatickych uzlinach a
Specifickému prezitiu na mamarny karcindm (BCSS). Expresia CD9 bola signifikantne
vysSia v primarnych tumoroch v porovnani s lymfatickymi metastazami (A, p = 0.021).
Expresia CD29 bola signifikantne vysSia u pacientov s lokalizovanou chorobou v
porovnani s tumormi s lymfatickymi metastdzami (B, p = 0.030). NizSia expresia E
cadherinu na periférii tumoru bola asociovana s horsim BCSS (C, p=0.038). Krabicové

grafy predstavuju 25-75 percentil, median a rozsah hodnét.
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4.3. Hodnotenie exprese proteinu CD29 v nadorovych bunkach

CD29 marker imunohistochemicky vykazoval cytoplazmaticki a
membranovd  expresiu. Marker bol slabo  exprimovany v
duktulolobuloch normalnej prsnej Zlazy, podobne ako v literature
(Damjanovich akol., 1997). Oblasti DCIS vykazovali silnejSiu expresia
v porovnani s normalnymi duktulolobulmi prsnej zfazy. Drobné krvné cievy

v nadore tvorené endoteliami s pozitivhou expresiou sluZili ako vnutorna

kontrola farbenia (Obr.14A-D)

Obr. 14 Protein CD29. A - expresia CD29 v normalnych duktulolobuloch prsnej zZlazy
slabsej intensity, B - silnejSia expresia CD29 v DCIS solidni typ, C- detail membranove;j
expresie CD29 intenzity 2+ v DCIS, D - CD29 v endotelidch nddorovej vaskulatury

slUziaca ako interna kontrola farbenia.
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Povaha expresie niektorych nadorov bola prevazne membranova (Obr. 15A-
C), ktord je udavana aj v recenzovanych publikacidch (Hsiang-Chun a kol.,
2014). Niektoré nddory vykazovali dominantne cytoplazmatickd povahu
expresie (Obr.16 A-C). Nadorova desmoplasticka myofibroblastickd stréma
fokdlne exprimovala CD29. Miestami sme pozorovali silnejSiu expresiu
nadorovych epitelovych buniek v oblasti tzv. epitelo-vazivového spojenia
(tzv. epitelo-mezenchymovej junkcie) pripominajice Struktiry bazdlnej
membrany (Obr.17 A-C) popisovanej i v literature (Damjanovich a kol.,
1997). Statistickd analyza ukazala, e expresia CD29 bola signifikantne
vySSia u pacientiek s lokalizovanou chorobou v porovnani s nadormi s
lymfatickymi mts (p= 0.030), (obr.13B), s imunohistochemickym obrazom
expresie CD29 v oboch primarnych nadoroch popisanych vyssie (18 A-B).
V ojedinelych nadoroch sme pozorovali osamotené nadorové bunky v tzv.

prednej linii s invaziou do strédmy so silnou expresii CD29 (obr 18C).
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Obr. 15 Priklady prevaine membranovej expresie CD29. A - membrdnova expresia 1+,

B - expresia membranova 2+, a cytoplazmatickd 1+, C - membranova expresia 3+.
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Obr. 16 Priklady prevazne cytoplazmatickej expresie CD29. A - cytoplazmaticka expre-
sia 1+, B - cytoplazmatickd expresia 2+, C - expresia cytoplazmatickd 3+ a membranova

1+.
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Obr. 17 Protein CD29. A,B - pozitivnha expresia myofibroblastickej nddorovej stromy, C -
napadna silna expresia v bazdlnych ¢astiach nddorového epitelu v oblasti epitelo-me-

zenchymalnej junkcie.
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Obr. 18 Protein CD29. A - silnejSia expresia v primarnom nadore s pTNO, B — slaba expre-
sia v nadore s lymfatickymi metastazami, C - silna expresia osamotenych nadorovych bu-
niek v prednej linii na periférii nadoru, ktoré su ukazovatel'mi invazivneho infiltrativneho

nadorového rastu.

4.4. Dal3ie sledované proteiny

Dalsimi parametrami, ktoré sme sledovali bola proliferaéna aktivita nadoru
a imunohistochemickd expresia markerov, ktoré definuju epitelovy a
mezenchymovy fenotyp nadorovej bunky : E cadherin a vimentin. E
cadherin, s membranovou expresiou, a vimentin, ako cytoskeletalny marker
s membranovo-cytoplazmatickou expresiou, boli hodnotené pomocou H
skdre s trojstupnovou intenzitou od 1+ az do 3 (slabej, strednej a silnej
intenzity). Vimentin bol typicky exprimovany v desmoplastickej nddorovej
strome, a vndadorovych bunkdch bol vaésinou negativny. Expresia E
cadherinu bola opacnad s typickou epitelovou pozitivitou nadorovych buniek
a negativitou mezenchymovej nddorovej stromy. V niektorych nadoroch

bola pritomna fokalna pozitivna expresia vimentinu v neoplastickych
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epitelovych bunkach (Obr.19A-D). Tieto markery sme korelovali medzi
sebou navzajom a hladali medzi nimi suvislosti vzhfadom ku stavu tumoru

(pT), grade tumoru, a progndze.
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Obr. 19 Proteiny vimentin a E-cadherin. A - invazivny karcindm (hematoxylin-eozin), B -
pozitivnha expresia vimentinu v desmoplastickej nadorovej strome, a negativita
v nddorovych b. C - pozitivha expresia E cadherinu v nadorovych b. D - prekvapiva

fokalna pozitivna expresia vimentinu v nddorovych b.

Nizka expresia E cadherinu na periférii primarneho tumoru bola spojena s
hor$im nadorovo Specifickym prezivanim (p=0.03) (Obr.13C). Proliferacny
index Ki67 taktiez signifikantne suvisi s vyssSim grade i Stddiom nemoci

(obr.20). Vyssie Ki67 tiez koreluje s nizSim vekom (Rs -0.32).
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Obr. 20 Vztah Ki67 s vy$sim grade i Stadiom nemoci. Proliferacny index Ki67 koreluje
s vy$sim histologickym grade (A) i $tadiom nemoci-pT (B). Cim vy3$i grade a pT choroby
tym vysSia proliferacna aktivita karcinému, proliferaény index koreluje s vy$sim pT, s

ilustraciou spominanych asociacii u vybranych nadorov (C).

Ddlezitym objavom bol fakt, Ze nizka expresia E cadherinu na periférii bola
spojend a vyssou expresiou vimentinu (Rs-0.33) a s vy$Sim Ki 67 (Rs-0.26)

(Obr.21).

ok ﬁ;‘ﬁ Ledad

Obr. 21 Exprese E-cadherinu, vimentinu a Ki67 v rovhakom lozZisku u vybraného pri-
padu TNBC. A - TNBC (hematoxylin -eozin), B - nizka expresia E cadherinu na periférii

bola spojena s vysSou expresiou vimentinu (C), a s vysSim Ki 67 (D).
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4.5. Zvysena expresia CD97 je spojena s horSim celkovym prezitim

Okrem vyssie uvedenej studii na kohorte pacientiek diagnostikovanych v Os-
travé, sme prispeli aj k analyze siboru z Masarykova onkologického Ustavu
v Brné (Kvokackovad et al. 2023). Cielom prace bolo pomocou 36 markerov
klasifikovat epitelo-mezenchymalnu plasticitu nadorovych buniek TNBC,
a molekularne definovat fenotypicky réznorodu populaciu nadoru a tumor
asociovanej stromy.

Resekovany materidl bol enzymaticky disociovany na jednotlivé bunky,
ktoré boli ofarbené panelom protilatok a analyzované pomocou hmotnost-
nej cytometrie (obr. 22A). Panel protilatok bol navrhnuty, aby identifikoval
subpopuldcie nadorovych buniek, o ktorych je zname, Ze prispievaju k prog-
resii nddorov prsnika, povrchové molekuly, ktoré sa spdjaju s plasticitou
EMT/MET (napr. EpCAM a Vimentin) a sibor novych povrchovych antigénov
odrdzajucich plasticitu buniek nddorov (napr. CD29, CD97, CD49c, ITGB5).
Boli tu zahrnuté aj markery, ktoré umoznili podtypovanie stromalnych bu-
niek (napr. CD90, Vimentin a alfa SMA), imunitnych buniek (napr. CD45,
CD3, CD14, CD19), a analyzu vybranych signalnych drah (TGF-B/SMAD, NF-
kB, JAK-STAT, PI3K/AKT/mTOR a Wnt) (obr. 22B). Vac¢sina buniek bola hema-
topoetického povodu (CD45+), potom nasledovali stromalne (CD90+) a na-
dorové kompartmenty (PanCK+). VSetky tieto markery boli vizualizované fa-

rebne pomocou t-SNE map (obr. 22C).
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Obr. 22 Charakteristika heterogenity nadorov vo vzorkdich TNBC pomocou
hmotnostnej cytometrie. (A) Schéma zobrazujuca experimentdlny a analyticky pracovny
postup pre primarne vzorky pacientov s TNBC pouzité v Studii Kvokackova a kol. (2023).
(B) Zoznam bunovych povrchovych a signdlnych molekul vybranych pre charakterizaciu
kompartmentu nadora anadorového mikroprostredia. (C) Dvojrozmerna t-SNE
vizualizacia expresie pan CK, CD45 a CD90 vo vsetkych burkach avzorkidch (n=26).
Kombindcia tychto troch markerov bola pouzitd pre identifikaciu nadorovych (Pan CK+),

imunitnich (CD45+) a stromalnych (Pan CK-CD90+) buniek.
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PretoZe pre analyzované pacientky zatial neboli informace o dlhodobom
prezivani, tak bol ako parameter agresivity ochorenia vytvoreny index Ki-67
+ LNR, ktory sa skladal z klinického hodnoteni metastaz do uzlin a pozitivity
Ki-67. Spolupracovnici identifikovali osem fenotypovo odliSnych populacii

buniek PanCK+ (obr.23A).
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Obr. 23 Komplexna analyza nadorovych buniek v tumoroch TNBC. (A) t-SNE graf uka-
zujuci zhluky nadorovych buniek ofarbenych pomocou FlowSOM. (B) Graf t-SNE ofarbeny
indexom Ki 67+LNR (vlavo), s vyobrazenymi populdciami buniek Ki 67+LNR -high Cluster
8 (modra) a low Cluster 4 (ruzovd) v pravom panele. (C) Histogramy zdoraznuju rozdiel
v expresii vybranych proteinov v Ki 67+LNR -high Cluster 8 (modra) a low Cluster 4 (ru-

Zova).
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Tieto populacie mali odlisSné expresné vzorce EMT/MET markeru vimentin,
radu bunkovych adhéznych molekul a integrinov (CD29, CD49f, CD97, CD44,
CD90) a signalnych molekul (pNF-kB a HLA-DR) (viz Kvokackova a kol., 2023).
Tieto subpopulacie TNBC sa liSili v svojich indexoch Ki-67 + LNR. Cluster 8
mal najvyssi vypocitany index Ki-67 + LNR (modry; 0,88) a cluster 4 mal naj-
nizsi (ruzovy; 0,72) (obr. 23B). Histogramy ukazuju rozdiel v expresii vybra-
nych proteinov. Nadorové bunky pritomné v clusteru 8 vykazovali zvySenu
expresi CD97, pNF-KB a HLA-DR (obr. 23C). Expresia tychto proteinov (spo-
lo¢ne s ITGA3 / CD49c, ktory bol vybrany na zaklade analyzy stromalnych
buniek (viz Kvokackova a kol., 2023) boli sledované pomocou imunohisto-
chémie na nezavislom subore 117 TNBC pacientiek (TMA z primarnych na-
dorov), u ktorych bol k dispozicii dlhodoby follow-up.

Vysledky ukazali, Ze iba zvySena expresia CD97 nadorovymi bunkami bola

vyznamne spojena s horsim celkovym prezitim (obr. 24).
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Obr. 24 C97 protein. A - Kaplan-Meierova krivka ukazujica celkové preZitie pacientov s
TNBC na zaklade expresie CD97 v nadorovych bunkach (n=108, log rank test). B -

pozitivna imunohistochemicka expresia C97 z TMA preparatu.
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5.Diskusia

Nase vysledky o nizsej expresii CD9 v uzlinovych metastazach su v zhode
s niektorymi pracami o solidnych nadoroch v literature. Tyto autori zistili, Zze
¢im vysSia expresia CD9 v nadore tym je nddor menej agresivny, ma mensie
riziko metastdzovania a méa lepSiu progndzu (Arihiro a kol., 1998, Houle
a kol., 2002, Sauer a kol., 2003, Mhawech a kol., 2003, Hashida a kol., 2003,
Amatya a kol., 2013, Miyamato a kol., 2001, Wang a kol., 2007). Tykalo sa to
kolorektalnych, mamarnych, prostatickych, endometridlnych, cervikdlnych,
plucnych karcindbmov a mezoteliomu. Avsak niektori autori zistili opacny
vyznam CD9 v zmysle zvySenej expresie CD9 v agresivnejSich nadoroch.
Tento poznatok zistili u melanomu, karcinomov Zaludka, Stitnej Zlazy,
pankreatickych adenokarcinomov a klinicky metastatickych ovarialnych
karcindmov s lymfogénnou invaziou (Kim a kol., 2019, Hori a kol., 2004,
Soyuer akol., 2010, Lucarini akol., 2022, Hwang a kol., 2012). Ked' sa
sustredime na mamarne karcindmy vatSina prac spaja zvysenu expresiu CD9
s lepSou prognozou nadorov, avsak praca autorov o lobularnom karcinome
a v type luminal A, NST typu karcindmu zistila, Ze zvySeny CD9 v tomto type
nadorov je spojeny s horSou progndzou (Baek a kol., 2019, Kwon a kol.,
2017). Podobny fakt o zlej prognéze nddorov so zvySenou expresiou CD9
zistili autori publikacie o kostnych metastazach mamarného karcinomu,
v porovnani s expresiou v primdarnych nadoroch prsnej Zlazy (Kischel a kol.,

2012).

CD9 podla niektorych prac znizuje motilitu buniek a pomaha pri adherencii
(prilnavosti) buniek k okolitej stréme (Furuya a kol., 2005). Nase vysledky

Studie, Ze nizka expresia CD9 a CD29 je asociovana s nadormi s lymfatickymi
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metastazami su do urcitej miery v zhode s pozorovanim, Ze zniZzena expresia
CD9 a CD29 v mamarnych karcindmoch je spojenda s nadorovymi bunkami,
ktoré podliehaju procesu EMT (Remsik a kol., 2018). Ale nepozorovali sme
koreldciu CD9 aCD29 sE cadherinom avimentinom, ani ndadorovo

Specifickym prezivanim.

Tedriu o vyzname adhézie buniek a molekule CD9 detailnejsie rozvinula
Studia (Germana a kol., 2015), ktora skimala morfolégiu roznych vybezkov
membrany nadorovych buniek in vitro a zistila, Ze zvySena expresia CD9 je
potrebna k tvorbe Specifickych vybezkov plazmatickej membrany nadorovej
bunky, ktord im pomaha v procese invazie do stromy. Vtomto zmysle
zvySenie CD9 pozitivnych plazmatickych vybezkov podporovalo a ufahéovalo
invazivitu nadoru. Zvysené CD9 zvysSuje kapacitu nddorovych buniek
k invazivite a metastazovaniu a moze byt znakom lymfogénnej propagacie
niektorych nadorov ako je melanom, karcinom ovdria a hepatocelularny
karcinom (Soyuer a kol.,2010, Qing a kol., 2018, Lucarini a kol., 2022). CD9
ulahéuje lymfogénnu propagaciu zhubnych nadorov tym, Ze podporuje
vaskularne rastové faktory a podiela sa na aktivnej redistribdcii
endotelidlnej CD9 u niektorych nadorov pocas interakcie nadorova bunka
a endotelidlna bunka vo fazy intravazacie pri procese metastdzovania

zhubnych nadorov (melanom, Longo a kol., 2001).

Niektori autori si vSimali stromalnu expresiu CD9 v imunitnych bunkach
a zistili, Ze tento typ expresie CD9 je spojeny s lepSou progndzou u nadorov
prsnej Zlazy (Kwon akol., 2017) a horSou prognézou u nadorov hrubého
¢reva (Kim a kol., 2016). V nasej praci sme pozorovali asociaciu stromalnej
expresie CD9 a pacientiek s vy$Sim grade. Stromdlna expresia CD9 sa tykala
expresie najma v imunitnych bunkach, vratanie tumor infiltrujucich

lymfocytov (TILs). Vztah TILs a vy$Sieho grade uZ bola pre TNBC popisana
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(Tian a kol. 2016, Kole¢kova a kol. 2019).

Povod zvlastnej extraceluldrnej stromalnej pozitivity CD9 nie je celkom
jasny. Vysvetlenim mézZe byt publikacia Yuichiro Miki a spol., ktori Studovali
extracelularnu pozitivitu CD9 v in vitro podmienkach, kde tato pozitivita
reprezentuje exozémy tzv. ,cancer associated” fibroblastov, ktoré su
zodpovedné za intercelularnu komunikaciu v nadore. V tejto praci zistili, ze
tieto exozomy signifikantne stimuluju invaziu a migraciu nadorovych buniek
v karcindmoch Zalidka skirhotického typu (Miki a kol.,2018). Tato hypotéza
podporuje fakt, Ze tento typ expresie CD9 mbze byt spojeny s agresivnejsim
spravanim nadorov. Fibroblasty su sucastou kazdej desmoplastickej stromy
nadora a tvori tzv. stromalne mikroprostredie nadora. Dal§imi moZnostami
pokrocit v tychto analyzach mdze byt vyuZitie inych farbeni (TUNEL pre

apoptdzu), alebo sledovanim inych znakov pre exozomy/mikrovezikuly.

Niektoré studie potvrdzuju fakt, Ze CD29 expresia mdze byt morfologickym
markerom EMT (Songmei a kol., 2017). Autori zistili, Ze bunky s fenotypom
CD29+/CD44+ so silnou expresiou tychto markerov mali vyssiu proliferacnu
aktivitu a lepsSiu schopnost invazie a metastazovania. Iné prace ukazuju
opacny fakt, Ze chybanie markera CD29, spolu sCD9, ako markera
epitelového fenotypu, charakterizuju nddorové bunky, ktoré su zapojené do
EMT (Remsik a kol., 2018). Autori niektorych publikacii (Vassilopoulos a kol.,
2014, Lisiak a kol., 2017, Songmei a kol., 2017) zistili, Ze CD29 pozitivne
nadorové bunky tkanivovych kultdr zvysuju migraénd aktivitu a invazivitu
tychto buniek, a tym vlastné metastazovanie tumoru. Z toho vyplyva, ze
CD29 je moinym prognostickym ukazovatelom, v zmysle, Ze silnejsia
expresia znamena horsiu prognézu tumoru (Vassilopoulos a kol., 2014,
Lisiak a kol., 2017) a horsie prezivanie TNBC (Klahan a kol., 2016, Jin a kol.,

2016, Pleiko a kol., 2023). Ina praca zistila podobny zaver s nasou, Ze
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chybanie CD29 v bunkach oslabuje rast mamarnych karcinémov, ale zna¢ne
napomaha disemindacii nddorovych buniek do pluc (Truong a kol., 2014). N&s
vysledok o CD29, ukazal velmi podobnu skutocnost, Ze membranova
expresia CD29 bola signifikantne nizsia v primarnych nadoroch s uzlinovymi
metastazami ako v nddoroch bez metastaz. Pozorovanie osamotenych
nadorovych buniek so silnou expresiou CD29 v tzv. prednej linii s invaziou
do strdmy mozno vysvetlit funkciou CD29 ako integrinu, ktory interaguje
s kolagénmi, a tieto interakcie pomahaju pri invazii tumoru (Songmei a kol.,
2017). Vzhode stouto pracou sme tento jav silnej expresie CD29
v osamotenych nadorovych bunkach s infiltrativnym rastom na periférii
tumoru pozorovali. Konfliktné vysledky o CD29 mozu byt spdsobené
pouzitim detekcie CD29 v roznych in vitro a in vivo podmienkach, alebo
pouzitim suborov pacientov s malym poctom pacientov. Povaha
imunohistochemickej expresie CD29 (cytoplazmatickad alebo membranova),
mozZe byt vysvetlend Struktirou CD29 proteinu, ktory ma extracelularnu

membranovd i intraceluldarnu cytoplazmaticki doménu.

Vyznamnym markerom EMT je zniZzend expresie E cadherinu, ktord je
spojena s horsim prezivanim mamarnych karcinémov v nasej praci. Niektoré
Studie opisuju rovnaky fakt, Ze horsie prezivanie TNBC pacientov je spojené
s nizkou expresiou E cadherinu (Zhang a kol., 2018, Tang a kol., 2010, Arihiro
a kol., 1998). Predovsetkym Zhang a kol. zistili, Ze nizky E cadherin znamenal
signifikantne vyssie riziko agresivnosti TNBC, zahfriajuc rekurenciu nadoru a

metastdzy do lymfatickych uzlin (Zhang a kol., 2018).

Marker CD97, ktory bol identifikovany spolupracovnikmi (Kvokackova a kol.,
2023) je kédovany génom ADGRE5 (Haman akol.,, 1995; Adhesion G
Protein-Coupled Receptor E5). Patri do tzv. rodiny , adhesion G protein-

coupled receptor” (Langenhan akol., 2013). M& vyznamné funkcie
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vimunitnom systéme, reguluje aktivaciu myeloidnych a lymfoidnych
buniek. Zohrava délezitu ulohu v aktivacii T buniek atvorbe cytokinov
(Capasso akol., 2006). Mimo imunitny systém hrd dolezitu ulohu
v interakcidach medzi bunkami navzajom. Protein je exprimovany vo velkom
pocCte roznych typov solidnych ndadorov. Vysledok nasej publikacie
Kvokackova a kol., Ze zvySena expresia CD97 v TNBC je spojena s horSou
progndzou je v zhode s vatsinou publikacii (He a kol., 2015, Wu a kol., 2012,
Mustafa a kol., 2005). Niektoré price jeho expresiu spdjaju sinvaziou
nadorovych buniek a sjeho pritomnostou v prednej linii nadorovych
buniek, ktoré infiltruju z periférie nadora do stromy pri progresii nadora

(Wobus a kol., 2006, Safaee a kol., 2013).
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6.Suhrn

TNBC su heterogénna skupina nddorov vacsinou s agresivnym spravanim u
recidivujucich tumorov s naslednym horsim dlhodobym prezivanim. Jednym
z faktorov, ktoré su zodpovedné za invaziu, tvorbu metastdz, horsiu
progndzu a rezistenciu tychto nadorov na chemoterapiu je jav EMT (epitelo-

mezenchymova tranzicia).

Primarnym cielom dizertacie bolo sledovat kvalitativne a kvantitativne
imunohistochemicku expresiu proteinov CD9 a CD29 vo vsetkych zlozkach
nadoru. Tiez sme tieto proteiny vysSetrovali v Ilymfatickych uzlinach
s metastdzami, a porovnavali intenzitu expresie v primarnom nadorei
v metastdzach. Dalej sme sledovali expresiu epitelovych a
mezenchymdlnych markerov E cadherinu, a vimentinu, doélezitych pre

definiciu javu EMT nadora.

Tieto udaje sme vyhodnotili Statisticky, s dalSimi charakteristikami nadora,
a zistili sme signifikantné znizenie expresie CD9 v uzlinovych metastazach
v porovnani s primarnym nadorom. Pozorovali sme silnu asociaciu vysokej
proliferacnej aktivity pomocou proliferacného markera Ki 67 s vysSim grade
nadoru. Dominantne membranova expresia CD29 bola signifikantne nizsia v
nadoroch s lymfatickymi metastdzami v porovnani s lokalizovanymi
tumormi pTNO. ZniZzena expresia E-cadherinu na periférii primarnych
nadorov korelovala s horSim prezitim pacientiek. Zistili sme taktiez asociaciu
medzi E-cadherinom, vimentinom a proliferaénym markerom Ki67. Znizena
expresia CD9 a CD29 bola spojena s tvorbou lymfatickych metastaz, avsak

ich asociacia s EMT a prezivanim nebola dokazana.
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V nezavislom subore z Masarykova onkologického ustavu v Brné, kde
spolupracovnici Studovali tzv. plasticitu nadorovych buniek pomocou
epitelidlnych a mezenchymalnych markerov, sme zistili, Ze zvySena expresia

CD97 je vyznamne spojend s horsim celkovym prezitim.
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7. Summary

TBNC represent a heterogeneous group of malignant tumors showing
usually an aggressive behavior and also a worse survival in the recurrent
tumours. EMT (epithelial to mesenchymal transition) appears to be one of
the factors responsible for tumour invasiveness, metastases, worse

prognosis and resistance to chemotherapy.

The primary aim of the theses was to evaluate qualitatively and
guantitatively immunohistochemical expression of proteins CD9 and CD29
in all elements of tumor. The above mentioned proteins were also assessed
in lymph nodes containing metastases and the level of expression of both
studied proteins in primary tumours and in metastases was compared.
Additionally, the expression of epithelial and mesenchymal markers E

cadherin and vimentin was evaluated to establish their importance in EMT.

The statistical analysis found a significantly decreased expression of CD9 in
lymphatic metastases in comparison with the primary tumors. Also, an
increased expression of proliferation marker Ki67 was associated with
higher grade of the primary tumors. Furthermore, the membranous
positivity of CD29 in primary tumor was significantly lower in patients with
lymph node metastases compared to patients without cancer
dissemination. Lower expression of E cadherin at the periphery of the
primary tumor was associated with worse breast cancer specific survival.
We have also found association between E cadherin, vimentin and Ki 67
proliferation marker. Decreased expression of CD9 and CD29 was related to
development of lymphatic metastases, however their association with EMT

and survival has not been proven.
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In an independent study on a TNBC cohort from Masaryk Oncological
Department in Brno, assessing so called plasticity of malignant cells by
epithelial and mesenchymal markers, we showed that the increased

expression of CD97 was significantly associated with worse overall survival.
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8. Zoznam skratiek

ADAM17 A Disintegrin And Metalloproteinase 17

alfa SMA alfa hladkosvalovy aktin

BC breast cancer

BCSS breast cancer specific survival

BLIA »basal-like immune-activated typ

BLIS basal like immune-suppressed typ

ECM extraceluldrna matrix

EMT epitelo-mezenchymalna tranzicia

ESCRT endosomal sorting complexes required for transport
EVs extracelularne vezikuly

gén ADGRE5 gén kodujuci Adhesion G Protein-Coupled Receptor E5
H score histo score
IM , immunomudulatory” typ

inhibitory PARP inhibitory poly ADP-ripose) polymerazy

LAR luminal androgén receptor

MES mesenchymal typ

MDSC myeloid-derivované supresorové bunky
MET mezenchymovo-epitelidlna tranzicia
MMP metaloproteinazy

MSL »,mesenchymal stem -like” typ

mts metastazy

pEMT parcialna epitelo-mezenchymalna tranzicia
PMN premetastaticka nika

TDE “tumor derived“exozémy

TIL tumor infiltrujice lymfocyty

TAMs , tumor-associated” makrofagy

TAN »tumor-associated” neutrofily

TNBC triple negativne karcinomy

UNS typ unstable cluster
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Summary

Background: Triple-negative breast carcinomas (TNBC) are a heterogeneous group of tumors
with mostly aggressive behaviour and poor prognosis. In association with their aggressive be-
havior and chemoresistance to treatment, the concept of epithelial-mesenchymal transition
(EMT) has come to the fore. CD9 and CD29 proteins are associated with EMT and may play a role
in TNBC progression. Our aim was to investigate association of these markers with the lymph
node metastasis, tumor grade, proliferative activity, and patient survival. Patients and methods:
Our cohort consisted of 66 TNBC patients without neoadjuvant therapy, aged 26-81 years. The
pathological tumor stages ranged from pT1b to pT3 and histological grades ranged from Il to
1, according to the Bloom-Richardson system. Immunohistochemical evaluation of CD9, CD29,
E-cadherin, vimentin, androgen receptor and Ki-67 expression was performed semiquantita-
tively using the H-score. Expression of the proteins was statistically evaluated in relation to
the clinicopathological parameters and survival of the patients. Results: We observed lower
expression of CD9 in lymph node metastases compared to the primary tumor (P = 0.021).
The CD29 expression in primary tumor was significantly lower in patients with lymph node
metastases compared to patients without cancer dissemination (P = 0.03). Neither CD9 nor
CD29 protein expression was associated with breast cancer-specific survival (BCSS). Lower ex-
pression of E-cadherin at the periphery of the primary tumor was associated with worse BCSS
(P =0.038). Neither grade nor the presence of lymph node metastases reached significant asso-
ciation with the BCSS. Lower expression of E-cadherin at the periphery was also associated with
higher Ki67 (Rs —0.26) and vimentin (Rs —0.33). Conclusion: Decreased protein expression of
CD9 and CD29 were associated with lymph node metastasis growth, however, their association
with survival was not proved. Lower expression of E-cadherin at the periphery of the primary
tumor was associated with high proliferation and poor breast cancer-specific survival.
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triple-negative breast cancer - CD9 - CD29 - E-cadherin - epithelial-mesenchymal transition
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IMMUNOHISTOCHEMICAL ANALYSIS OF CD9, CD29 AND EPITHELIAL TO MESENCHYMAL TRANSITION

Souhrn

Vychodiska: Triple-negativni karcinomy prsu (TNBC) jsou heterogenni skupinou nadoru s pfevazné agresivnim chovanim a $patnou prognézou.
V souvislosti s jejich agresivnim chovanim a chemorezistenci vici lé¢bé se do popredi dostal koncept epitelo-mezenchymové tranzice (EMT). Pro-
teiny CD9 a CD29 jsou spojeny s EMT a mohou hrat roli v progresi TNBC. Nasim cilem bylo prozkoumat asociaci téchto markerd s metastazami do
lymfatickych uzlin, gradingem tumoru, proliferacni aktivitou a prezitim pacientd. Pacienti a metody: Nas soubor tvofilo 66 pacientek s TNBC bez
neoadjuvantni terapie ve véku 26-81 let. Patologické stadium nadoru se pohybovalo od pT1b do pT3 a histologicky stuperi od Il do lll podle sys-
tému Bloom-Richardson. Imunohistochemické hodnoceni exprese CD9, CD29, E-cadherinu, vimentinu, androgenového receptoru a Ki-67 bylo
provedeno semikvantitativné pomoci H-skére. Exprese proteinl byla statisticky hodnocena ve vztahu ke klinicko-patologickym parametrdm
a preziti pacientl. Vysledky: Pozorovali jsme nizsi expresi CD9 v metastazach lymfatickych uzlin ve srovnéni s primarnim nadorem (p = 0,021).
Exprese CD29 v priméarnim nadoru byla signifikantné nizsi u pacient s metastazami v lymfatickych uzlinach ve srovnani s pacienty bez disemi-
nace (p =0,03). Ani exprese CD9 ani CD29 proteinu nebyla spojena s prezitim specifickym pro karcinom prsu (BCSS). Nizsi exprese E-cadherinu na
periferii primarniho tumoru byla spojena s horsim BCSS (p = 0,038). Pro grading ani pfitomnost metastaz v lymfatickych uzlindch nebyl nalezen
signifikantni vztah s BCSS. Nizsi exprese E-cadherinu na periferii byla také spojena s vyssi hladinou Ki67 (Rs —0,26) a vimentinu (Rs —0,33). Zdvér:
SniZzena exprese proteint CD9 a CD29 byla spojena s ristem metastaz v lymfatickych uzlinach, avsak jejich souvislost s piezitim nebyla proka-
zana. Nizsi exprese E-cadherinu na periferii primarniho nadoru byla spojena s vysokou proliferaci a Spatnym nadorové specifickym prezitim.

Klicova slova
triple-negativni karcinom prsu — CD9 - CD29 - E-cadherin — epitelo-mezenchymova tranzice

Introduction

Mammary carcinomas stand out as the
most prevalent malignancy affecting
women, constituting approximately 24%
of all malignancies globally [1]. Among
these, triple-negative breast cancers
(TNBC) form a highly diverse group of
tumors, known for their aggressive na-
ture [2]. Recurrent TNBCs result in signif-
icantly poorer long-term survival rates

and an unfavorable prognosis compared
to non-TNBC cases [3-6]. TNBC presents
a significant clinical challenge due to its
resistance to endocrine hormone ther-
apy and other targeted treatments cur-
rently available. Ongoing research in
TNBC primarily focuses on identifying
novel proteins suitable for effective tar-
geted cancer therapy [3] and discover-
ing new prognostic markers.

One prominent exosomal marker
under investigation is the tetraspanin
protein CD9, which plays a crucial role
in modulating cell adhesion, migration,
proliferation, and vesicular transport
processes, including exosomes [7,8].
CD9 plays a key role in interactions be-
tween tumor cells and the stromal mic-
roenvironment and has a major impact
on tumor growth and metastasis. We

have recently reviewed all immunohis-
tochemical studies in different solid can-
cers; however, we concluded that CD9 is
not clearly associated with either tumor

Tab. 1. Clinicopathological features of triple negative breast cancer cohort (N = 66).

Parameters N % Tumor grade suppression or promotion [9]. Additio-
Age (range 26-81 years) G1 3 45 nally, CD29, also known as B1-integrin,
<40 9 136 G2 1 167 serves as a cell surface protein receptor
> 40 57 864 o3 5 788 encoded by the ITGB1 gene, belgnglng
to the collagen receptor family. It is com-

Histological subtype Lymph node status monly referred to as an epithelial-me-
invasive cancer, 53 80.3 negative 49 742 senchymal transition (EMT) marker [10].

no special type CD29 regulates various biological proce-

positive 17 25.8 . . . . .

apocrine cancer 8 121 sses, including cell proliferation, survival,
, , Recurrence and migration [11,12].

adenoid cystic cancer 2 3 e .
present 18 273 EMT, the epithelial-mesenchymal transi-
adenosquamous cancer 2 3 Sbsent 36 545 tion, is a phenomenon closely associated
salivary like, 1 15 ' with malignant tumor progression and
no special type not available 12 182 metastasis [13]. It enables a polarized epi-
Tumor size Survival 66 thelial cell, typically anchored to the base-
oT1b I dead 12 182 ment membra.me, to undergo l?lochemlcal
changes, leading to the adoption of a me-
pTic 27 41 dead from cancer 10152 senchymal cell phenotype. This transfor-
pT2 28 424 alive 42 63.6 mation includes heightened migratory ca-
oT3 1 15 not available 12 182 pacity, invasiveness, |.ncreased resistance
to apoptosis, and significantly augmented
\_ _/ production of extracellular matrix compo-
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N

Fig. 1. An example of high expression of CD9 in the primary tumor and low level in the lymph node metastasis from the same pa-
tient. Extracellular positivity of CD9 was occasionally observed (indicated by asterisk). The lower panel shows an example of high CD29
expression in a primary tumor without dissemination and low expression of CD29 in a patient with lymph node metastasis. Magnifica-

tion 100x.

nents, collectively forming the tumor mic-
roenvironment [13-15]. EMT frequently
accompanies the progression of TNBC
and contributes to its resistance to cancer
therapy [2].

We have previously found by flow cy-
tometry a decreased CD9 and CD29 ex-
pression in breast cancer cells that
underwent EMT [16]. We now aimed
to investigate CD9 and CD29 expres-
sion along with E-cadherin and vimen-
tin (EMT markers) in a cohort of 66 TNBC
patients without neoadjuvant therapy.
The formalin-fixed paraffin-embedded
(FFPE) samples from primary tumors
were carefully selected and lymph node
metastases were also included from
17 patients. Importantly, information on

the clinical follow-up and survival of the
patients was chased up.

Patients and methods

Patients characteristics

Our cohort (Tab. 1) consisted of 66 pa-
tients with triple-negative breast can-
cer diagnosed from biopsy of surgical
specimens of breast (quadrantectomy
or mastectomy samples from Univer-
sity Hospital Ostrava, AGEL Hospital Os-
trava-Vitkovice, Hospital Karvina-Réj and
EUC Klinika Kladno), which were exam-
ined during the years 2013-2022. The
patients’ age ranged from 26 to 81 years,
with pathological tumor stages rang-
ing from pT1b to pT3 and histological
grades ranging from Il to lll according to

the Bloom-Richardson system. Patients
who received neoadjuvant therapy were
excluded from the study. TNBC was de-
fined as carcinomas showing simulta-
neous immunohistochemical negativity
for estrogen and progesterone recep-
tors, Her2/neu, and confirmed negativ-
ity through genetic fluorescent in situ
hybridization (FISH). The series included
53 tumors with invasive carcinoma of the
NST type, 8 apocrine carcinomas, 2 ade-
noid cystic carcinomas, 2 adenosqua-
mous carcinomas, and 1 “salivary-like”
carcinoma without further specification.

Immunohistochemistry
Tissue samples were fixed in 10% forma-
lin and embedded in paraffin, then they

Klin Onkol 2024; 37(1): 1-7
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Graph 1. Relationship of CD9, CD29 and E-cadherin to lymph node metastasis and breast cancer specific survival (BCSS). A) The ex-
pression of CD9 was significantly higher in primary tumors compared to lymph node metastases (P = 0.021). B) The expression of CD29
was significantly higher in patients with localized disease compared to tumors with lymph node metastases (P = 0.030). C) The lower ex-
pression of E-cadherin at the periphery of the primary tumor was associated with worse BCSS (P = 0.038). The box-plots represent 25-75

percentiles, median and range of values.
LN - lymph nodes
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Fig. 2. An example of triple negative breast cancer. The tumor consists of solid groups of cells and displays low expression of E-cadhe-
rin at the periphery of the tumor and high expression of vimentin and Ki67. Magnification 100x (for hematoxylin-eosin staining and for
immunohistochemical staining of proteins).

were cut into 2-3-um sections. Selected
proteins were investigated by indirect im-
munohistochemistry using specific mon-
oclonal antibodies: rabbit anti-CD9 (clone
EPR 2949, diluted 1 : 2,000; Abcam), mon-
oclonal rabbit CD29 antibodies (clone
EP1041Y, diluted 1 : 2,000; Abcam),
mouse anti-E-cadherin (clone NCH-38, di-
luted 1 : 50, Dako), mouse anti-vimentin
(clone V9, diluted 1 : 100, Dako), and anti-
Ki67 (clone 30-9, Ventana).

The immunohistochemical assess-
ment of CD9 and CD29 expression was
performed semiquantitatively using the
H (histo) score, which included percen-
tage of positivity and a 4-level grading
of staining intensity: 0 — no expression,
1- low intensity, 2 — moderate inten-
sity, 3 — strong intensity. Protein expre-

ssion was monitored in the tumor cen-
ter and its periphery, both in tumor cells
and stroma, simultaneously with its pre-
sence in lymphocytes and further in the
surrounding non-tumor breast tissue.

Statistical analysis

The results were statistically evaluated
using the Mann-Whitney U test, the Wil-
coxon test, and the Spearman’s rank cor-
relation coefficient along with the Kaplan-
Meier survival analysis with the log-rank
test (STATISTICA 12, TIBCO Software).

Results

An immunohistochemical study was
conducted on a cohort of 66 TNBC pa-
tients without neoadjuvant therapy
(Tab. 1). Most patients with high-grade

tumors received adjuvant chemother-
apy with anthracycline-cyclophospha-
mide and taxanes. One patient was
treated with carboplatin and gem-
citabine, and two patients received
capecitabine. Information on the clini-
cal follow-up and survival of the patients
was chased up. Breast cancer specific
survival (BCSS) was defined as the time
from diagnosis to death from breast can-
cer, while overall survival (OS) was re-
lated to death from any cause.

We found a significant decrease in
CD9 expression in nodal metastases
in comparison to primary carcinomas
(P = 0.021) (Fig. 1 Graph 1A). Interes-
tingly, we also observed an extracellu-
lar CD9 positivity (Fig. 1) which was ma-
nifested in majority of grade 3 tumors
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Tab. 2. Major findings of the study.

CD9
son to primary carcinomas.

(16 out of 17 cases).
CD29

tumors.

E-cadherin
and vimentin levels.

poor breast cancer-specific survival.
Ki67

expression.

We found a significant decrease in CD9 expression in nodal metastases in compari-

The extracellular CD9 positivity was manifested in majority of grade 3 tumors

The predominant membrane expression of CD29 in tumor cells was significantly
lower in carcinomas forming lymphatic metastases compared to localized pTNO

The diminished E-cadherin expression at the periphery correlated with higher Ki67

The reduced E-cadherin at the periphery of primary tumors was associated with

The strong association with high grade of tumor was observed for high Ki67

/

(16 out of 17 cases); however, it did not
associate with nodal positivity or higher
pT stages. Expression of CD9 was also
found in lymphocytes, which was signi-
ficantly higher in grade 3 tumors in com-
parison with grades 1 and 2 (P = 0.011).
As expected, strong association with
a high grade was observed for a high
Ki67 proliferation marker (P < 0.001).

The CD29 marker demonstrated both
cytoplasmic and membrane expression.
The predominant membrane expression
of CD29 in tumor cells was significantly
lower in carcinomas forming lymphatic
metastases (P = 0.030) compared to lo-
calized pTNO tumors (Fig. 1 and Graph
1B). Neither CD29 nor CD9 expression
was associated with survival. Impor-
tantly, reduced E-cadherin expression
at the periphery of primary tumors co-
rrelated with poor BCSS (P = 0.038)
(Graph 1Cand Fig. 2). Moreover, we esta-
blished associations between E-cadhe-
rin, vimentin, and proliferation marker
Ki67. Diminished E-cadherin expression
at the periphery correlated with higher
Ki67 (Rs —0.26) and vimentin (Rs —0.33)
levels (Fig. 2). The most important results
are also summarized in Tab. 2.

Discussion
Our study unveiled a diminished expres-
sion of CD9 in nodal metastases, con-

sistent with existing literature [17,18].
CD9 has been extensively studied as
a prognostic marker for solid tumors.
Majority of studies indicate a worse
prognosis for CD9-low tumors compared
to those with high expression [19-24].
However, conflicting results have also
been documented [25-27]. Although we
observed low expression in lymph node
metastases, CD9 was not significantly
associated with breast cancer specific
survival.

We have also observed an extrace-
llular CD9 positivity which may be ex-
plained by CD9 presence in membranes
of exosomes, microvesicles, or apop-
totic bodies [28]. Further exploration
could involve alternative staining meth-
ods like TUNEL for apoptosis, or moni-
toring other markers of exosomes and
microvesicles.

Another significant finding of our
study is the association of low CD29 ex-
pression with positivity of lymph node
metastases. This may agree with our
previous observation of a decreased
CD9 and CD29 expression in breast
cancer cells that underwent EMT [16].
In this sense, loss of CD29 attenuated
breast tumor growth but markedly en-
hanced tumor cell dissemination to the
lungs [29]. These findings reveal that
CD29 control a signaling network that

promotes an epithelial phenotype and
suppresses dissemination and indicate
that targeting B1-integrins may have
undesirable effects in TNBC. Still, other
studies indicate worse survival of TNBC
patients with high CD29 expression and
targeted therapy is being tested [30,31]

The prominent marker of EMT is loss
of E-cadherin which was associated with
worse breast cancer specific survival in
our study. Diminished E-cadherin expre-
ssion at the periphery also correlated
with higher Ki67 and vimentin levels. Se-
veral other studies described poor survi-
val of TNBC patients with low E-cadhe-
rin expression [32-34] These results are
also in line with our recent mass cyto-
metry single cell analysis of fresh TNBC
tissues [35] EMT score was calculated
from epithelial (EpCAM + CD49f + CD9)
and mesenchymal markers (vimen-
tin + aSMA + CD44) for each cancer
cell in the sample and it well associa-
ted with proliferation and lymph node
colonization.

Conclusion

Decreased expression CD9 and CD29
were associated with lymph node me-
tastasis growth, however, their asso-
ciation with EMT and survival was not
proved. Lower expression of E-cadherin
at the periphery of the primary tumor
was associated with high proliferation
and poor breast cancer specific survival.
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CD9 is a crucial regulator of cell adhesion in the immune system and plays
important physiological roles in hematopoiesis, blood coagulation or viral and
bacterial infections. It is involved in the transendothelial migration of leukocytes
which might also be hijacked by cancer cells during their invasion and metastasis.
CD9 is found at the cell surface and the membrane of exosomes affecting cancer
progression and therapy resistance. High expression of CD9 is mostly associated
with good patients outcome, with a few exceptions. Discordant findings have
been reported for breast, ovarian, melanoma, pancreatic and esophageal cancer,
which might be related to using different antibodies or inherent cancer
heterogeneity. According to in vitro and in vivo studies, tetraspanin CD9 is not
clearly associated with either tumor suppression or promotion. Further
mechanistic experiments will elucidate the role of CD9 in particular cancer
types and specific conditions.

KEYWORDS

CD9, cancer, immunohistochemistry, prognosis, exosomes

1 Introduction

Tetraspanin CD9, also known as TSPAN29 or motility-related protein 1, is a member
of the transmembrane 4 superfamily proteins, which are characterized by four
transmembrane domains, two extracellular loops, and short intracellular N-and C-
terminal tails (Figure 1A) (1, 2). Like other tetraspanins, CD9 can undergo
palmitoylation on each of its membrane-proximal cysteines which affects its interactions
with other partners (3). Tetraspanins generally form tetraspanin-enriched microdomains
(TEMs) in cell membranes. Within these domains, they interact with various
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FIGURE 1 (Continued)
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FIGURE 1 (Continued)

Structure of tetraspanin CD9 and its role in cancer, including exosome trafficking. (A) The CD9 protein consists of four transmembrane domains (1-
4), short (EC1, SEL) and long (EC2, LEL) extracellular loop, short intracellular loop and short intracellular N- and C-termini. There are several possible
palmitoylation sites made up of membrane-proximal cysteines and a possible N-glycosylation site in the SEL. In the LEL, there are two disulfide
bridges, each containing one cysteine of the CCG motif (152-154), a typical feature of the tetraspanin family. Based on UniProt (AC: P21926, cited
1.8.2022). (B) CD9 was implicated both in tumor promoting and suppressing mechanisms. Several studies have described its role in cell migration
and invasion, e.g. by affecting actin-polymerization and reorganisation at the cell protrusions (5, 6) or by increasing the production of the proteinase
MMP-2 which cleaves ECM components during cell invasion (6). Increased CD9 expression was also linked to increased signalling in the
protumorigenic NF-kB pathway (7). However, increased CD9 expression was shown to attenuate EGFR signalling and thus suppress cell
proliferation (8, 9). Another study described higher metastatic rate in cells with decreased CD9 expression (10). CD9 downregulation was also
observed in cells which underwent EMT (11). CD9 can also affect tumor neoangiogenesis by promoting VEGFR3 signalling in endothelial cells (12).
Last but not least, transendothelial migration of tumor cells is supported by CD9 reorganisation at points of contact between endothelial and tumor
cells (13). (C) Exosomes can transport cargo between cells in the tumor microenvironment (other tumor cells, stromal cells, immune cells) and thus
enable mutual communication (14, 15). They also help establish the premetastatic niche in the target organ before colonization (16-20). Exosomes
can also promote drug resistance via several mechanisms, e.g. by transporting drugs out of the tumor cells (21, 22) or by neutralisation of antibody-
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conjugated drugs (23)

transmembrane and intracellular partners, including other
tetraspanins, integrins, proteases, immunoglobulins, and
intracellular signaling proteins (4). Therefore, the biological
effects of CD9 depend on these dynamic interactions within the
context of TEMs (1, 24). Recently, a “concatenation model” for
forming CD9/EWI-F assemblies has been suggested, which may
explain the occurrence of these TEMs (25). Besides tetraspanins
(e.g. CD63, CD81, CD151 and TSPAN4), CD9 interacts with
numerous single-span transmembrane proteins, such as integrins
(e.g. CD49¢/ITGA3 and CD29 (1, 26), immunoglobulin
superfamily proteins (e.g. EWI-F/PTGFRN and EWI-2/IGSF8) (1,
27), heparin-binding EGF-like growth factor (28), and
metalloprotease ADAM17 (A Disintegrin And Metalloproteinase
17) (29). Previously, CD9 has also shown the ability to interact with
other proteins such as CD19, CD46 and CD117 (30-32).

An equally important role is played by the interaction of
tetraspanins with intracellular signaling molecules, although
significantly fewer of them have been identified compared to
transmembrane partners (4). In the context of CD9, these are
mainly interactions with small GTPases of the Rho family (Rac
and RhoA) that affect the actin cytoskeleton (33, 34), ERM proteins
(ezrin-radixin-moesin) that mediate binding with the cytoskeleton,
and PKC (35), which regulates the function of a wide range of
proteins and intracellular signaling. Obviously, tetraspanin CD9
plays a complex role both in physiological conditions as well as in
many diseases including cancer (Figure 1B).

2 Physiological roles of CD9

CD?9 is a key regulator of cell adhesion in the immune system
and plays an important role in the physiology of leukocytes and
endothelial cells as well as in hematopoiesis and blood coagulation.
Other physiological processes with the important role of CD9
include sperm-egg fusion (36), neurite outgrowth (37) or
myotube formation (38). Recently, CD9 and tetraspanin 4 were
revealed as membrane curvature sensors which play an essential
role in the formation of migrasome and fertilization (39). In this
sense, it was also shown that the reversed cone-like molecular shape
of CD9 generates membrane curvature in the crystalline lipid layers,
which explains the CD9 localization in regions with high membrane
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curvature and its implications in membrane remodeling (40). CD9
is also an exosomal marker and may affect the cellular exosomal
transport and interactions between tumor cells and the stromal
microenvironment (see chapter below).

One of the important functions of CD9 is the regulation of
hematopoietic stem cell differentiation in the bone marrow and
critical hematopoiesis events. CD9 is essential in megakaryocytic
(41), lymphoid and myeloid differentiation (42). In vitro work
proved that immature CD34+ bone marrow cells express high
levels of CD9, while differentiated cells lose their expression (41).
Also, CD9-expressing stromal cells of bone marrow affect
hematopoietic cells and may be one factor that determines the
degree of stem cell differentiation (43). Next, CD9 is involved in the
blood clotting process, because it is a component of integral
membrane proteins expressed on the cell surface and granular
membranes of thrombocytes, which play an essential role in the
coagulation process. It is part of an alpha 2b/beta 3 - CD9 - CD63
integrin - tetraspanin complex in activated platelets (44, 45).

The role of CD9 in different immune cells and its relevance to
inflammation has recently been reviewed by Brosseau et al. (2). For
example, the tetraspanin CD9 plays an important role in the
immune synapse in two ways:/1/Through its association with
LFA-1 on the T cell, CD9 controls the state of aggregation and
adhesive capacity of this integrin./2/On the surface of the antigen-
presenting cells, CD9 recruits ICAM-1 into TEMs, thus increasing
its adhesive capacity (1). Its importance was also shown for the
endothelial receptors such as integrin ligands ICAM-1 and VCAM-
1, which facilitate leukocyte adhesion to the endothelium and their
subsequent transmigration. Another important CD9 function is the
inhibition of ADAM10 and ADAMI17 sheddase activity, which
enhances cell-cell adhesion and costimulatory capacity (1).

CD9 also affects viral (46) and bacterial infections (47, 48).
Within TEMs, CD9 modulates various virus-induced processes at
the membrane, including membrane fusion, viral budding and viral
release. Sims et al. demonstrated that exosomes could enhance
HIV-1 entry into human T and monocytic cell lines via exosomal
tetraspanin proteins CD81 and CD9 (46). Infection by enveloped
coronaviruses initiates with viral spike proteins binding to cellular
receptors and is followed by proteolytic cleavage which prompts
virus-cell membrane fusion. Infection, therefore, requires the
proximity of receptors and proteases which ensures that virus-cell
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entry occurs at the appropriate time and place. Earnest et al. showed
that CD9 is crucial for condensing these receptors and proteases
(DPP4 and TMPRSS2, respectively) which allows viruses to enter
cells efficiently and rapidly (49, 50). Although it might be
reasonable to think that SARS-CoV-2 virulence relies on CD9
activity by clustering and scaffolding receptor and protease (i.e.
ACE2 and TMPRSS2, respectively) for efficient cell entry, this
hypothesis has not been validated yet in current literature (50, 51).

3 CD9 in exosomes and
cell-to-cell communication

There is a growing interest in cell-cell communication mediated
by secreted vesicles termed exosomes (Figure 1C) (52). Exosomes
are nanoscaled extracellular vesicles (EVs) (generally, their sizes
range from 30 to 150 nm) released by almost all cell types.
Tetraspanins are an abundant component of exosome
membranes, with CD9 being one of the most frequently found
along with CD63, CD81, CD82 and TSPANS (53, 54). Functionally
it has been demonstrated that CD9 knock-down in extracellular
vesicles from breast cancer cells or recipient cells reduced
endocytosis (55). Importantly, tetraspanins can influence the
composition of exosomes through interactions with their binding
partners. For example, a decrease in CD9 expression led to a
significant reduction in the metalloprotease CD10 content in
exosomes of pre-B-lymphocytes (56). CD10 can serve as a
positive (57) and negative (58) prognostic factor in some cancers,
but its role in exosomes has not yet been described. It has also been
shown that the alteration of CD9 and CD151 on prostate cells alters
the proteome of their resultant EVs and that these EV's can enhance
the migratory and invasive capabilities of a non-tumorigenic
prostate cellular population (59). The cargo of exosomes reflects
the state of tumor cells from which they are derived. They can be
explored as minimally invasive biomarkers for the early detection,
diagnosis and prognosis of various cancers (16, 44, 60). Currently,
there are many methods for exosome isolation and detection,
ranging from classical ultracentrifugation or filtration to
immunoaffinity, flow cytometry and acoustics-based microfluidic
techniques (61, 62).

The mechanisms of exosome biogenesis are highly regulated
through several distinct pathways, including ESCRT (endosomal
sorting complexes required for transport) - dependent and ESCRT-
independent pathways (17). Although the exosome release is a
physiological process, its increased rate and specific cargo are
favorable for oncogenic progression and metastases (16).
Regarding CD9, its alterations affect extracellular vesicle secretion
and mitophagy in melanoma cells (63). The exosome-mediated
communication is not limited to the cancer cells, it has also been
shown in different cell types within the tumor microenvironment
locally and distantly. Bioactive molecules, including CD9 in
exosomes derived from cancer and stromal cells, provide the
essential signals for the re-education of various cells and
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remodeling the tumor architecture (14, 15). For instance, in
pancreatic ductal adenocarcinoma, CD9 mediated EV uptake
from cancer-associated fibroblasts that promoted tumor
development (15). In the model of colon cancer blocking EV-
derived CD9 by antibody prevented the morphological
transformation and migratory phenotype of cancer cells that
uptake EVs (64). The CD9-positive EVs were higher in patients
with prostate cancer compared to ones with benign prostate
hyperplasia, and its secretion can be modulated in response to
dihydrotestosterone. Importantly, siRNA knockdown of
endogenous CD9 reduced cellular proliferation and expression of
AR and prostate-specific antigen. However, knockdown of AR did
not alter CD9 expression, implicating CD9 as an upstream regulator
of AR (65). The exosomes may also determine organotropism and
prepare the pre-metastatic niche in the sense of Stephen Paget’s
seed and soil hypothesis (17, 66). Cancer cells from primary tumors
release oncogenic biomolecules to the distant site before the cell
invasion occurs, forming a pre-metastatic niche in the target organ
that promotes successful metastatic outgrowth (16-20).

Therapy resistance in cancer can also occur via exosomes in
several ways (17). Corcoran et al. reported the transfer of MDR1 by
exosomes which enhanced a docetaxel efflux out of the recipient
cells (67). Exosomes from drug-resistant breast cancer cells could
also transmit chemoresistance do adriamycin and docetaxel by a
horizontal transfer of microRNAs (68). Aung et al. have shown that
tumor-derived exosomes can protect cancer cells by transporting an
abundance of proteins targeted by drugs, hence neutralising the
therapy effects (23). Similarly, cells of the tumor microenvironment
also release exosomes that can enhance drug resistance in cancer
cells. For example, fibroblast-derived exosomes have been shown to
decrease the efficiency of chemotherapy and radiation in cancer by
activating STAT1 and NOTCH3 signaling, which resulted in the
expansion of therapy-resistant tumor-initiating cells (69).
Chemotherapeutic drugs may also be excreted from cancer cells
via exosomes (21, 22). Together, these studies described various
mechanisms of exosome-mediated drug resistance either through
pumping anticancer drugs out of cells or transferring molecular
cargo between cells.

4 CD9 in cancer cells: Dr. Jekyll
and Mr. Hyde

CD9 expression is deregulated in a number of pathologies,
including cancer, but the precise mechanism underlying these
changes and the associated consequences are not fully understood
(4). Bioinformatic analysis of binding sites in the promoter/
enhancer region of the CD9 gene identified E2F, NFkB, SP1 and
STATS3 as top transcription factors often associated with both the
process of carcinogenesis and disease prognosis (70). Nevertheless,
the CD9 protein plays a dual role in cancer progression, exhibiting
both tumor-supportive and tumor-suppressive properties that are
context-dependent.
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4.1 Tumor-promoting properties

The plasma membrane protrusions enable the spreading of
neoplastic cells, helping them to move between and invade
surrounding stromal cells. In addition to passing through
intercellular gap junctions, the neoplastic cell can also use a
transcellular route for intra/extravasation, which are the essential
steps of the metastatic process (71). Overexpression of CD9 has
been shown to enhance FAK phosphorylation and reorganisation of
the cortical actin cytoskeleton in fibrosarcoma HT1080 cells plated
on laminin (5). This was also associated with the induction of
MMP2 and PI3K-dependent signaling (6). Aggressive triple-
negative breast cancer MDA-MB-231 cells displayed significant
alterations of their plasma membrane protrusions after CD9
knockdown and had reduced tumorigenic and metastatic capacity
in mouse xenografts (72). The potential role of CD9 in metastasis
was indicated in a different study, describing increased expression of
CD9 in breast cancer bone metastasis compared to primary tumors,
where CD9 antibody treatment in vivo moderately inhibited the
progression of bone lesions (73). In this sense, CD9 expression and
migration were induced by native type IV collagen through a
DDRI-dependent pathway in the breast cancer model, but not in
non-tumorigenic MCF10A and MCF12A cells (66). Surprisingly,
along with the plasma membrane, CD9 can also localize in nuclei
and its depletion led to polynucleation and multipolar mitosis (74).

CD?9 has also been shown to interact with VEGFR3 signaling.
After intrathoracic implantation of lung cancer cells, metastasis to
lymph nodes was diminished and accompanied by decreased
neoangiogenesis and lymphangiogenesis in CD9 knock-out mice
(12). Knocking down CD9 in human lymphatic endothelial cells
also decreased their migration, proliferation and tube formation
which was associated with attenuated VEGFR3 signaling.
Importantly, active redistribution of endothelial CD9 was also
observed during interactions between melanoma and endothelial
cells in an intravasation assay (13). Anti-CD9 monoclonal
antibodies specifically inhibited the transendothelial migration of
melanoma cells. Association of CD9 with transendothelial invasion
has also been observed by immunohistochemistry in cervical cancer
as well as in melanomas (75, 76). Similarly, Hori et al. found CD9
expression at severe vessel invasion in gastric cancer (77). CD9
upregulation was also detected in ovarian carcinomas by expression
profiling and immunohistochemistry (7). The CD9 upregulation
associated with enhanced expression of TNF-alpha and NFkB
signaling and treatment with CD9 blocking antibody ALB6
resulted in reduced tumor growth in-vivo (7). CD9 can also
attenuate EGF signaling pathways in gastrointestinal cancer cells
by colocalizing with EGFR (8).

One of the key drivers of tumor progression are cancer stem
cells (CSCs) capable to self-differentiate, self-renew and fueling
tumor growth. It has been reported that CD9 identifies a
subpopulation of pancreatic cancer stem cells (CSCs) able to
initiate and sustain pancreatic cancer growth as demonstrated in
CD9 deficient organoid and mice models (78). Mechanistically,
CD9 promoted the plasma membrane localisation of the glutamine
transporter ASCT2, enhancing glutamine uptake in cancer cells.
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CD9 has been identified as a marker of CSCs also in the
glioblastoma model, where its disruption led to decreased cell
proliferation, invasion, and inhibition of tumor growth (79, 80).
Decreased cell migration was also reported in highly metastatic
hepatocellular carcinoma cells upon CD?9 silencing (81) or in breast
cancer cells using CD9-binding peptide (82). The same group
successfully reduced melanoma lung metastasis after peptide
binding to tetraspanin CD9. The CD9-binding peptide impeded
tetraspanin web formation, cancer cell invasion and significantly
reduced secretion and uptake of cancer cell exosomes (83).
Antibody targeting of CD9 in pancreatic cancer disrupted CD9/
ADAM interactions and led to decreased proliferation, migration
and colony formation (84).

Regarding small-cell lung cancer (SCLC), CD9 was expressed
preferentially in SCLC tumors and metastases from three of seven
relapsed patients, whereas chemonaive primary tumors from 16
patients were CD9 negative with only one exception (85).
Mechanistically, CD9 was upregulated in chemoresistant cell
lines, which adhered more tightly to fibronectin via 1 integrin,
but they were less motile than the respective chemosensitive
parental lines, implying a potential role of CD9 molecule in the
cell adhesion-mediated drug resistance (85).

4.2 Tumor-inhibiting properties

Regarding breast cancer, Remsik et al. observed the
downregulation of CD9 in cancer cells that underwent epithelial-
mesenchymal transition (EMT) both in vitro and in vivo (11). High
CD9 expression is associated with epithelial phenotype and
favorable prognosis regarding recurrence-free survival (11).
However, further mechanistic studies will be needed to clarify the
role of CD9 in EMT and breast cancer progression. In ovarian
cancer, the downregulation of CD9 attenuated the expression of
several integrins and rearranged junctional and cytoskeletal
molecules which was associated with weaker adhesion to the
extracellular matrix (10). Enhanced peritoneal dissemination was
observed for subclones with low CD9 expression (10), consistent
with a previous report of inverse correlation of CD9 and ovarian
cancer tumor stage (86). Decreased CD9 clustering may reflect the
tendency of malignant cells to have less organized cell-cell junctions
where tetraspanins are typically known to be clustered (3). Low
affinity anti-CD9 antibody, C9BB, which binds preferentially to
CD9 homodimer was used in experiments documenting a shift to
heterodimers in cancer cells. This may be associated with decreased
CD9 palmitoylation or altered expression of CD9 partners (3).

Takeda et al. observed a decreased lymph node metastasis of
lung cancer cells transduced with CD9 without impact on the
primary tumor growth (87). Similarly, ectopic expression of CD9
in fibrosarcoma cell line HT1080 reduced their lung metastatic
ability by forming a complex with podoplanin, suppressing
podoplanin-induced platelet aggregation (88). In line with these
studies, genetic ablation of CD9 in a model of mouse prostate
adenocarcinoma did not affect primary tumor development. Still, it
increased the incidence of metastases to the liver but not the lungs,
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suggesting a possible tissue-specific manner of CD9 interactions in
this model (89).

The antiproliferative effect of CD9 was also observed in in vitro
model of human glioblastoma executed via inhibition of EGFR
phosphorylation (9). In contrast, the downregulation of CD9
promoted cancer growth and metastasis through the upregulation
of EGF in pancreatic cancer (90). In the context of SCLC that
develops distant metastases extremely early, Funakoshi et al.
observed the downregulation of tetraspanin CD9 in all cell lines.
CD?9 recovery suppressed cell motility of SCLC cells, suggesting that
low expression of CD9 affects cell motility and may contribute to
the highly invasive and metastatic phenotype of SCLC (91).
Likewise CD9 overexpression in hepatocellular carcinoma
inhibited proliferation in vitro and in vivo while CD9 knockdown
enhanced in vivo growth (92).

5 Prognostic value of CD9 in
solid tumors and a problem
of different antibodies

Besides studies dealing with the molecular function of CD9,
expression of this gene was also monitored in large cancer patient
cohorts concerning tumor aggressiveness and survival. Relevant
articles since 1993 are summarized in Table 1 and some are briefly
commented on below. High expression of CD9 is mostly associated
with good patient outcomes, with a few exceptions. These might be

10.3389/fonc.2023.1140738

attributed to special cancer subtypes and different antibodies used
for CD9 staining.

Discordant findings have been reported for breast, ovarian,
melanoma, pancreatic and esophageal cancer. The good prognostic
value of high CD9 expression was described in studies using the in-
house mouse monoclonal antibody m31-15 (93, 100) and a
monoclonal antibody from Dako (94). Of note, studies using the
antibody clone m31-15 consistently report the good prognostic
value of high CD9 in all cancer types (see Tables 1A, 1B). On the
other hand, other groups reported poor outcomes for breast and
ovarian cancer patients with high CD9 expression using Abcam
monoclonal antibody EPR2949 or an antibody from Millipore (7,
113, 114). Kwon et al. also evaluated stromal immune cells and their
CD9 expression was associated with good patient outcome (113).
The same group used the EPR2949 antibody also for colorectal
cancer where the high CD9 expression in tumors was associated
with a good prognosis (103). Regarding stroma, high stromal CD9
evaluated with antibody clone C-4 was also associated with better
survival of patients with pancreatic ductal adenocarcinoma, while
positive tumor CD9 showed opposite results (115).

Another frequently used antibody is clone 72F6 from
Novocastra. High levels of CD9 evaluated with this antibody were
associated with poor prognosis in gastric cancer (111), while the
association with good prognosis was found for mesothelioma,
cervical and prostate cancer (75, 105, 116). Several other studies
used an antibody from Novocastra without closer specification,
complicating their findings’ interpretation. One of these studies

TABLE 1 (A) Summary of immunohistochemical studies — high CD9 expression associates with good clinical outcome.

. . Antibody Clinical outcome
Authors Tumor Type Patients Detection method Thera e o
yp clone Py with high CD9
Miyake et al., 1995 IHC, RT-PCR, western . o
breast ca 143 ; m31-15 in-house S less aggressive disease
(93) blotting
Arihiro et al., 1998 d is, low risk of
riro eta breast ca 93 THC, western blotting n.s. Dako S 800c prognosis, fow risk o
(94) LN metastases
Houle et al., 2002 in-house, Dr.
ovlecta ovarian ca 40 IHC m31-15 1n' ouse, Bt S/IAC less aggressive disease
(86) Miyake
S t al.,, 2003
(;1;1; reta cervical ca 44 IHC 72F6 Novocastra N good prognosis
Miyamoto et al., . Temecula, .
2001 (95) endometrial ca 71 IHC TP82 CA S good prognosis
W t al., 2007
(2;;1 geta prostatic ca 167 IHC 72F6 Novocastra S less aggressive disease
Mhawech et al., thelial
awech et a urothetia 320 THC n.s. Novocastra TURBT good prognosis
2003 (96) blader ca
Ai et al., 2007 (97) urothelial 52 IHC n.s Jingmet TURBT o0od prognosis
reral blader ca - Biotech good prognost
Buim et al,, 2010 1
uim et 8 oral squamous 179 IHC, RT-PCR n.s Neomarkers S good prognosis
(98) ca
Kusuk: t al., 1
2(;108;1 (;;v)a ceta (C):a squamous 78 IHC, western blotting clone 007 in-house S good prognosis
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TABLE 1 Continued

Antibody Clinical outcome

Authors Tumor Type Patients Detection method Therapy

clone with high CD9

Uchida et al,, 1999 esophageal

1 IH 1-1 in-h i
(100) squamous ca 08 C m31-15 in-house S good prognosis
Z t al,, 2012
(ﬁ;)e ca of gallblader 108 IHC ns. Dako N good prognosis
Khush tal,
ushman et a pancreatic ca 29 IHC n.s. Abcam N less aggressive disease
2019 (102)
Kim et al, 2016 colorectal ca 305 IHC EPR2949 Abcam S/AC good prognosis in left-side
(103) tumors only
Hashi 1. 2
(1?)1)1(13 et al. 2003 colorectal ca 146 IHC, RT-PCR m31-15 in-house S good prognosis
A L, 201 N
matya et al, 2013 mesothelioma 112 IHC 72F6 'ovus' S/AC/RT good prognosis
(105) Biologicals
Si et H 1993 in-h , Dr.
i et Hersey melanoma 55 HC FMC56 in-nouse, U N less aggressive disease
(106) Zola
W b: tal, IHC, RT-PCR, west . .
zo‘ljgg(efo;i;l eretd Merkell cell ca 25 blotting western RDI-MCD9 | Fitzgerald S/AC/RT good prognosis
Koh: 1., 201 11 cell 1 IHC, RT-PCR, .
ohmo et al, 2010 smat cell lung 24 C, RT-PCR, western 72F6 Novocastra AC good prognosis
(85) ca blotting, flow cytometry
Adachi et al.,, 1998 all 1
achi e non smat fung 172 IHC, RT-PCR m31-15 in house S good prognosis
(108) ca
Higashi t al.,
Jgashiyama € adenoca of lung 132 IHC, RT-PCR m31-15 in house N good prognosis

1995 (109)

AC, adjuvant chemotherapy; ca, carcinoma; IHC, immunohistochemitry; LN, lymph node; NAC, neoadjuvant chemotherapy; n.s. not specified; RT, radiotherapy; S, surgery; TURBT; transuretral
resection of bladder tumor.

TABLE 1 (B) Summary of immunohistochemical studies — high CD9 expression associates with poor clinical outcome.

Antibody

Clinical outcome with

Authors Patients = Detection method Thera ]
clone Py high CD9
Kim et al., ill
1 e pap 'ary 553 IHC n.s. Novocastra S associated with LN metastases
2019 (110) thyroid ca
Hori et al., X THC, nothern and western 72F6 and Novocastra and Dr. associated with advanced
gastric ca 78 . S/AC .
2004 (77) blotting 007 Mekada, resp. disease
Soyuer et al., . .
2010 (111) gastric ca 49 THC 72F6 Novocastra S/IAC poor prognosis
Miki et al., is, i ticul
eta gastric ca 619 THC n.s. Life Technologies S poor prégnoms In particwlat
2018 (14) of the scirrhous type
H t al., hageal is, iated
uan € esophagea 104 THC, western blotting n.s. Santa Cruz S p<')or Prognosis jassoaa ¢
2015 (112) squamous ca with advanced disease
K t al., is in luminal A
won et a breast ca 1349 IHC EPR2949  Abcam SIAC Poor prognosis fn fufmina
2017 (113) subtype
Baek et al., lobular breast
2;;9 (el 134) C‘; ar breas 113 HC EPR2949 Abcam S/AC/RT poor prognosis
Hwang ovarian ca 10 IHC, microar'ray, RT-PCR, s, Millipore S as'sociated with advanced
et al.2012 (7) western blotting disease
Lucarini et al., cutaneous poor prognosis, associated
120 IHC 72F6 Novocastra S K
2022 (76) melanoma with LN metastases
H t al., ti 5 .
zoazr;e(l 15) Ipz]a[:lérea e 179 IHC C-4 Santa Cruz NAC/S poor prognosis

AC, adjuvant chemotherapy; ca, carcinoma; IHC, immunohistochemitry; LN, lymph node; NAC, neoadjuvant chemotherapy; n.s. not specified; RT, radiotherapy; S, surgery; TURBT; transuretral
resection of bladder tumor.
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investigated breast cancer samples and found no prognostic value of
CD9 (117).

Overall, the interpretation of immunohistochemistry studies is
problematic due to the use of different antibodies that are not
thoroughly validated and essential details are missing. For example,
epitopes for the most frequently used monoclonal antibodies m31-
15, 72F6 and EPR2949 are unavailable. Two recent meta-analyses
concluded that low CD9 expression is significantly associated with
poor prognosis of cancer patients (118, 119) however, these results
are oversimplified and problematic with respect to the
abovementioned issues.

As described in the previous chapter, CD9 is not clearly
associated with either tumor suppression or promotion.
Additional mechanistic studies have recently been thoroughly
reviewed by Lorico et al. They also summarized CD9 targeting
with therapeutic antibodies and drew attention to the potential side
effects of this strategy. This approach might further be complicated
by the presence of CD9 in exosomes which may neutralize the
therapeutic antibodies or enhance the pro-metastatic effects of
exosomes by their enhanced endocytosis (53).

6 Conclusion

A growing body of evidence points to the important role of CD9
in various physiological processes and cancer. As highlighted in the
review, CD9 is not unequivocally associated with either tumor
suppression or promotion, and the antibodies used to detect CD9
might be problematic. Despite conflicting results in different types
of cancer, the clinical relevance of CD9 has been highlighted by
several immunohistochemical and, more importantly, mechanistic
studies. Therapeutic targeting of CD9 is emerging, however, this
approach may be complicated by the presence of CD9 in exosomes,
which may neutralize therapeutic antibodies or enhance the pro-
metastatic effects of exosomes by their increased endocytosis. In
conclusion, fully validated antibodies and well-designed functional
studies may help to elucidate further the role of CD9 in cancer
progression and patient clinical outcome.
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Triple-negative breast cancer (TNBC) is an aggressive and complex subtype
of breast cancer that lacks targeted therapy. TNBC manifests characteris-
tic, extensive intratumoral heterogeneity that promotes disease progression
and influences drug response. Single-cell techniques in combination with
next-generation computation provide an unprecedented opportunity to
identify molecular events with therapeutic potential. Here, we describe the
generation of a comprehensive mass cytometry panel for multiparametric
detection of 23 phenotypic markers and 13 signaling molecules. This
single-cell proteomic approach allowed us to explore the landscape of
TNBC heterogeneity, with particular emphasis on the tumor microenviron-
ment. We prospectively profiled freshly resected tumors from 26 TNBC
patients. These tumors contained phenotypically distinct subpopulations of
cancer and stromal cells that were associated with the patient’s clinical sta-
tus at the time of surgery. We further classified the epithelial-mesenchymal
plasticity of tumor cells, and molecularly defined phenotypically diverse
populations of tumor-associated stroma. Furthermore, in a retrospective
tissue-microarray TNBC cohort, we showed that the level of CD97 at the
time of surgery has prognostic potential.

Abbreviations

CAF, cancer-associated fibroblasts; CSC, cancer-stem cells; E/M, epithelial-mesenchymal; EMT, epithelial-mesenchymal transition; IHC,
immunohistochemistry; LNR, lymph node ratio; MET, mesenchymal-epithelial transition; PBMCs, peripheral blood mononuclear cells; TMA,
tissue microarray; TME, tumor microenvironment; TNBC, triple-negative breast cancer; t-SNE, t-distributed stochastic neighbor embedding.
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1. Introduction

Triple-negative breast cancer (TNBC) is a profoundly
heterogeneous subtype of breast cancer with character-
istic aggressive behavior and poor outcome [1,2].
Because TNBC lacks the expression of estrogen (ER),
progesterone (PR), and human epidermal growth fac-
tor 2 (HER2) receptors, cytotoxic chemotherapy
remains the treatment of choice for early-stage and
advanced TNBC. However, multiple clinical trials
with targeted approaches and immunotherapies are
ongoing [3].

Intra- and intertumoral heterogeneity are major
obstacles in the effective clinical management of
patients. Both were in part molecularly dissected by a
number of studies that identified multiple TNBC sub-
types, with each exhibiting unique biological features
[4]. The intratumoral heterogeneity is driven by
genetic, epigenetic, and phenotypic inputs within the
cancer cells and extrinsic factors from the tumor
microenvironment (TME). Such heterogeneity can then
influence tumor progression and therapeutic response
[5]. Phenotypic plasticity of TNBC is often attributed
to epithelial-mesenchymal transition (EMT), a mecha-
nism that generates a subpopulation of highly motile
cells, often with increased ability to seed new tumors
and capacity to self-renew and differentiate [6,7]. EMT
and its reverse program mesenchymal-epithelial transi-
tion (MET) are key advantageous developmental pro-
grams hijacked by tumor cells to support their
dissemination from the primary site. While EMT and
acquisition of mesenchymal phenotype (M) is critical
for cancer cell spread, subsequent reversion back to
the epithelial state (E) is a prerequisite for successful
metastatic outgrowth at distant sites [5,8,9].

Selected tumor cell populations can dynamically
switch between EMT and MET and exist in a spec-
trum of hybrid E/M states, partially bearing features
of both phenotypes. Cells in these hybrid states are
presumed to have the highest tumorigenic and meta-
static potential [10,11]. Both EMT/MET programs are
influenced by a number of factors and signaling mole-
cules, including the stereotypical EMT inducer TGF-f
and SMAD signaling pathways, NF-xB, JAK-STAT
proteins, PI3K/AKT/mTOR or Wnt [5,12]. These
stimuli are usually governed by TME, comprised of
different populations of infiltrating immune cells, stro-
mal cells such as fibroblasts, pericytes, endothelium,
and other cell types together with extracellular matrix
[13]. Various elements of TME play both pro- and
anti-tumor roles, and TME represents a promising
therapeutic target [13,14]. An ample effort is currently
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being made toward the detailed characterization of
tumor-TME interactions at single-cell and spatial
levels. Several recent single-cell transcriptomic reports
further confirmed that TNBC tumors consist of dis-
tinct subpopulations of tumor cells [15,16], cancer-
associated fibroblasts [17], and immune cells [18] with
clinically relevant transcriptomic signatures. The
observed gene expression changes are not always
reflected at the level of protein expression. Mass
cytometry overcomes this limitation by employing
metal-conjugated antibodies, enabling the quantifica-
tion of dozens of proteins and phospho-epitopes in
individual cells simultaneously [19].

In this study, we applied such mass cytometric pro-
filing to a cohort of prospective TNBC patients. We
comprehensively mapped phenotypic TNBC diversity
and signaling status at the protein level. Our data
revealed the presence of distinct cancer and stromal
phenotypes within TNBC tumors, and their associa-
tion with patient clinical status. Validation of selected
markers in expanded retrospective cohorts with routine
histology techniques further corroborated their strati-
fying potential.

2. Materials and methods

2.1. Cell lines

Breast cancer cell line MDA-MB-231 (RRID:CVCL_
0062) was obtained from the American Type Culture
Collection (ATCC, Manassas, Virginia, USA) and
used as an internal control. Cells were cultured in
RPMI 1640 medium (Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA, TFS) supplemented with
10% fetal bovine serum (TFS) and 100 U-mL~" peni-
cillin/streptomycin (Sigma-Aldrich, Merck-Millipore,
Darmstadt, Germany). Cells were maintained at 37 °C
and 5% CO,, routinely tested for mycoplasma con-
tamination with PCR and authenticated using
AmpFLSTR Identifiler Plus PCR Amplification Kit
(TFS) to verify their origin. Peripheral blood mononu-
clear cells (PBMCs) were obtained from a healthy
donor with written informed consent in accordance
with the Declaration of Helsinki. PBMCs were isolated
as a buffy coat layer on Ficol-Paque gradient. Isolated
PBMCs and the MDA-MB-231 cell line were incu-
bated with CD24 and RORI1 antibodies for 30 min at
room temperature (Table 1). After washing once with
Maxpar Cell Staining Buffer (CSB) (Fluidigm, South
San Francisco, CA, USA), cells were stained with
1 um cisplatin for subsequent dead cell exclusion
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Table 1. Overview of antibodies and reagents used in study.

Mass cytometry

Cat. no; home-made

Marker Clone Metal Source LOT identifier
CD45 HI30 Y89 Fluidigm 3089003B
CD28 CD28.2 142Nd Bxcell BE0291; 180116
CD49of GoH3 143Nd Biolegend 313602; 180906
CD69 FN50 144Nd Fluidigm 3144018B
CD4 RPA-T4 145Nd Fluidigm 3145001B
CD8a RPA-T8 146Nd Fluidigm 3146001B
ITGB5 AST-3 T 147Sm Biolegend 345202; 180919
CD111 R1.302 148Nd Biolegend 340402;180906
CD38 HIT2 149Sm Exbio 11-366-C100, 190425
CD112 TX31 150Nd Biolegend 337402; 180919
EpCAM 9C4 152Sm Biolegend 324229; 180919
CD29 TS2/16 156Gd Fluidigm 3156007B
ROR-1 2A2 159Tb Miltenyi Biotec 130-98-243; 191209
CD14 MBE2 160Gd Fluidigm 3160001B
CD49c ASC-1 162Dy Biolegend 343802; 180906
CD24 ML5 165Ho Biolegend 311127; 181129
CD44 BJ18 166Er Fluidigm 3166001B
CD90 5E10 167Er Biolegend 328129; 180919
CD19 HIB19 169Tm Fluidigm 3169011B
CD3 UCHT1 170Er Fluidigm 3170001B
CD97 VIM3b 171Yb Fluidigm 3171015B
CD9 SN4_C3-3A2 172Yb Fluidigm 3172010B
HLA-DR 1243 174Yb Fluidigm 3174001B
CD31 MEM-05 175Lu Exbio 11-273-C100; 190516
CD56 (NCAM) NCAM16.2 176Yb Fluidigm 3176008B
aSMA 1A4 141Pr Fluidigm 3141017D
pSmad1 (Serd63/465)/ Smadb D5B10 151Eu Cell Signaling #12428; 191209
(Ser463/465)/ Smad9 (Ser465/467)
Stat1 (Y701) 58D6 153Eu Fluidigm 3153003A
Vimentin D21H3 154Sm Fluidigm 3154014A
pSmad2 (Ser465/Ser467) E8F3R 155Gd Cell Signaling #18338; 181129
pStat3 (Y70) 4/P-STAT3 158Gd Fluidigm 3158005A
pNF-kBp65 (S536) 93H1 161Dy Cell Signaling #3033;170313
pAkt (S473) D9E 163Dy Cell Signaling #4060; 170313
Active B-catenin (Ser4b) D2u8Y 164Dy Cell Signaling #19807; 181129
Ki-67 B56 168Er Fluidigm 3168007B
PanCK C-11 173Yb Exbio 11-108-C100; 180919
CD298 REA217 N/A Miltenyi 130-122-331; N/A
HLA-I W6/32 N/A Bxcell BE0079; N/A
Chemicals
Platinum ("9°Pt, "%°Pt) Fluidigm 201195, 201196
Cadmium ('9°Cd, "'°Cd, '"'Cd, ""?Cd, '"*Cd, ""*Cd and '"°Cd) Fluidigm N/A
CisPt 198Pt Fluidigm 201198
Iridium ("°Ir, '%31) Fluidigm 201192A

Immunohistochemistry

Marker Clone Host Source Cat. no
EpCAM Ber-Ep-4 Mouse DCS EI751C002
CD49f Polyclonal Rabbit Invitrogen PA5-82466
Vimentin SP20 Rabbit DCS V1686C002
1026 Molecular Oncology 17 (2023) 1024-1040 © 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of
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Table 1. (Continued).
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Immunohistochemistry

Marker Clone Host Source Cat. no
CD90 D3V8A Rabbit Cell Signaling 13801
aSMA 1A4 Mouse Dako MO0851
HLA-DR TAL. 1B5 Mouse Dako MO0746
NF-kB p65 F-6 Mouse Santa Cruz Biotechnology sc-8008
CD49c (ITGA3) polyclonal Rabbit Sigma-Aldrich HPA008572
CD97 EPR4427 Rabbit Abcam ab108368
AR AR 441 Mouse Dako M3562
CK5/6 D5/16 B4 Mouse Roche 790-4554
E-cadherin NCH-38 Mouse Dako M3612
CD8 SP16 Rabbit Thermo Fisher Scientific RM-9116-S1

(Fluidigm) and quenched with CSB buffer. Cells were
then fixed with 1.6% paraformaldehyde (TFS) for
15 min at room temperature and stored at —80 °C in
10% glycerol in fetal bovine serum.

2.2. Patient samples

Fresh breast cancer tissues from patients undergoing
surgical breast cancer removal, in excess of that
required for diagnostic and therapeutic procedures,
were obtained from Masaryk Memorial Cancer Insti-
tute (MMCI) between 2018 and 2021 (Table S1). Tis-
sues were evaluated by a certified breast cancer
pathologist. The study was approved by the Ethical
Committee of the MMCI (Ref. No. 2017/1894/MOU).
The experiments were conducted with the understand-
ing and written consent of each patient.

2.3. Breast cancer tissue processing

Tissue samples were minced to 1-2 mm pieces and
enzymatically digested in DMEM/F12 (Gibco, TFS)
containing 2% bovine serum albumin (BSA; Serva,
Heidelberg, Germany), 5 mgmL~' recombinant
human insulin (Sigma-Aldrich), 0.5 mg-mL~"' hydro-
cortisone (Sigma-Aldrich), 50 mg-mL~"' gentamicin
(Serva), 2 mg-mL™"' collagenase type I (cat. no. LS
004194; Worthington, Lakewood, NIJ, USA),
0.6 U-mL™" dispase II (cat. no. 04942078001; Roche,
Basel, Switzerland) and 10 mm Y-27632 dihydrochlo-
ride (ROCK inhibitor, Santa Cruz Biotechnology, Dal-
las, TX, USA), for 14 h at 37 °C using 10 rpm
agitation. Samples were then treated with 15 mg-mL ™!
DNase I (cat. no. 04942078001; Roche) for 5 min at
37 °C, washed with PBS, and filtered through a 70 um
strainer. Red blood cells were lysed with ACK buffer
(155 mm ammonium chloride, 10 mm potassium bicar-
bonate, and 100 um EDTA solution in sterile MQ

water) at 37 °C for 5 min, washed with PBS and incu-
bated with CD24 and RORI antibodies 30 min at
room temperature. After washing once with CSB buf-
fer, cells were stained with 1 pm cisplatin for subse-
quent dead cell exclusion (Fluidigm) and quenched
with CSB buffer. Cells were then fixed with 1.6%
paraformaldehyde (TFS) for 15 min at room tempera-
ture and stored at —80 °C in 10% glycerol in fetal
bovine serum.

2.4. Mass cytometry barcoding

To achieve parallel sample analysis and thus minimize
the batch effect, we used metal tagged antibody-based
barcoding approach. 0.1-1 x 10° cells from each dis-
sociated tumor sample, as well as MDA-MB-231 cells
and PBMCs (internal controls) were barcoded using a
barcoding scheme consisting of combinations of
HLA-I and CD298 antibodies conjugated to platinum
(***Pt and '"°Pt) and cadmium ('°°Cd, '"°cd, '"''Cd,
2¢d, "3¢d, "*Cd, and ''°Cd) isotopes (see Table 1).
Antibodies were purchased from Fluidigm or conju-
gated in-house using Maxpar antibody conjugation
kits (Fluidigm). Thawed individual tumor samples,
cell line, and PBMCs were incubated with antibodies
for 30 min at room temperature, washed with CSB
buffer, and pooled together for subsequent antibody
staining.

2.5. Antibodies and antibody labeling

All antibodies, clones, metal tags, and providers are
listed in Table 1. Metal-labeled antibodies were pre-
pared using the Maxpar antibody conjugation kits
(Fluidigm), according to the manufacturer’s instruc-
tions or purchased pre-conjugated. Each antibody was
titrated and validated into the working panel to
achieve an optimal signal-to-noise ratio.
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2.6. Mass cytometry antibody staining and
detection

After barcoding, the pooled samples were stained with
a mastermix of surface antibodies for 30 min at room
temperature; except for CD24 and RORI that were
stained before fixation and freezing at —80 °C. Sam-
ples were then washed twice with CSB buffer. Next,
the cells were permeabilized with 80% methanol for
30 min on ice and washed with CSB buffer. For intra-
cellular staining, the cells were incubated with a mas-
termix of intracellular antibodies for 30 min at RT
and then washed twice with CSB buffer. Lastly, sam-
ples were resuspended in 1 mL of Cell-ID Intercalator-
Iridium in MaxPar Fix & Perm Buffer (Fluidigm).
Cells were then washed twice with CSB buffer, once
MiliQ H,O, resuspended in 20% EQ Four Element
Calibration Beads (Fluidigm) in MiliQ H,O, and fil-
tered through a 40 pum filter cap. Sample analysis was
acquired on Helios™, a CyTOF® system (Fluidigm)
with all opened channels and data collected as .fcs
files.

2.7. Data preprocessing and analysis

Data were normalized in FLUIDIGM software based on
EQ beads and compensated for channel crosstalk, as
previously described [20]. These compensated .fcs files
were processed with FLowio software (v10.8.0, BD).
Cells were gated for singlets, de-barcoded, and
cisplatin-positive dead cells were excluded from the
analysis. The following major cell types of interest
were identified by manual gating using selected marker
expression pattern: PanCK'"/CD45~ cancer cells,
CD45"PanCK ™~ immune cells, CD90"/PanCK ~/CD45~
stromal cells. Representative gating strategy is shown
in Fig. S1A. The total amount of collected cells from
measured samples ranged from 850 to 174 000. The
resulting, clean dataset contains in total 73 532 cancer
cells, 560 218 immune cells, and 156 928 stromal cells.

For the purposes of unsupervised data analysis, we
utilized recently published Risk Assessment Population
IDentification (RAPID) algorithm [21], enabling iden-
tification of phenotypically distinct populations and
determining whether they stratify patient survival.
Twenty-six manually pre-gated .fcs files were exported,
and loaded into RrstuDIO (4.1.1 version) [22]. Here,
each file was downsampled to the same cell number
and combined into new data frame. Because some
samples contained lower number of cells they were
excluded for further unsupervised analysis of epithelial
cells (21 samples analyzed in total) and stromal frac-
tion (24 samples analyzed in total). This preprocessed
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mass cytometric data frame, together with .csv file
containing annotated clinical parameters of tumor
specimens, was subjected to a modified RAPID algo-
rithm. Dimensionality reduction was calculated based
on 36 markers using the R T-sNE package [23]. The fol-
lowing parameters were used: iteration = 10 000, per-
plexity 200, theta 0.9, and eta 200. The optimal
number of clusters was computed based on the t-SNE
map using the modified script, followed by FlowSOM
clustering [24].

Because our dataset lacked information about the
patient outcome, on which the RAPID algorithm is
based, we introduced a Ki-67 + LNR index that con-
sisted of clinical assessment of cancer spread to lymph
nodes and Ki-67 positivity, as determined by diagnos-
tic histology analysis for each patient. This clinically
relevant Ki-67 + LNR index was then implemented
for modified RAPID analysis instead of patient sur-
vival.

To calculate Ki-67 + LNR index for each patient we
used two  variables, LNR  (“lymph  node
ratio” = number of positive lymph nodes over number
of excised lymph nodes) and Ki-67 that was normal-
ized to maximum value from all tumors. For each ana-
lyzed cell in the dataset, we stored also information
from what tumor/patient the cell originated and the
cluster number in which the cell was identified by
FlowSOM. We took normalized Ki-67 and LNR val-
ues of single tumors and assigned them to each ana-
lyzed cell in dataset as new variables. Then we selected
cells of separate FlowSOM clusters and calculated the
means of normalized Ki-67 and LNR variables.
Finally, a sum of these two means results in Ki-
67 + LNR index that acquires values from 0 to 2.

Mesenchymal-epithelial (MET) score was calculated
for each cancer cell. Mean intensity (MI) of selected
proteins measured by mass cytometry was normalized
to their corresponding maximal values obtained in the
dataset. The normalized values of the final range from
0 to 1 were then used to calculate the MET score. The
mass cytometry MET score was then calculated as a
cumulative sum of normalized MIs from epithelial
markers [EpCAM + CD49f + CD9] minus the cumula-
tive sum of MIs from mesenchymal markers
[Vimentin + aSMA + CD44] for each cancer cell in
the sample. The final MET score for each patient is
calculated as the mean MET score from all cancer cells
in the sample and acquires values from —3 (fully
mesenchymal-like phenotype) to +3 (fully epithelial-
like phenotype). MET score calculation was done in R.

Correlation analysis was performed in GRAPHPAD
prISM (version 9.0.2 GraphPad Software, San Diego,
CA, USA) using non-parametric Spearman’s
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correlation. Heatmaps were generated in the cLuSTVIS
tool [25].

2.8. Tissue microarray (TMA) construction and
immunohistochemistry

The first set of archival tissue samples from TNBC
patients was constructed at the MMCI, and contained
patient tissue collected between 2005 and 2009. The
second set was also constructed at the MMCI, col-
lected between 2012 and 2021. TNBC status was deter-
mined according to ASCO standards — threshold for
the hormone receptor for IHC staining of tissue sam-
ple was 1% [26]. TMA construction and immunostain-
ing of archival formalin-fixed, paraffin-embedded
tumor samples with appropriate antibodies was done
according to standard techniques established at MMCI
(Table 1). Protein expression was assessed semi-
quantitatively by an expert breast cancer pathologist,
using the histoscore (H-score) method. In H-score, the
percentage of positive cells (0-100%) is multiplied by
staining intensity (0-3), resulting in a final histoscore
that ranges between 0 and 300. Immunohistochemistry
MET score was calculated as a cumulative H-score of
[EpCAM + CD49f] proteins minus a cumulative H-
score of [Vimentin + aSMA] proteins. For Burstein
classification of tumor tissues we used five surrogate
markers — AR, CK5/6, CDS8, E-cadherin, Vimentin —
in co-junction with quantification of tumor-infiltrating
lymphocytes according to the relevant studies [27-29].
We then classified these samples according to Bur-
stein’s classification as luminal-androgen receptor
(LAR), mesenchymal (MES), basal-like immunosup-
pressed (BLIS), and basal-like immunoactivated
(BLIA) subtypes. TNBC subtypes for this cohort were
added to Table S1 and used for further analysis.

2.9. Statistical analysis

Statistical analyses and visualizations were performed
in R (4.1.1 version, R Core Team, 2021) and GRAPHPAD
prisM (version 9.0.2, GraphPad Software). Kaplan-
Maier analysis was performed by the survminer RrR
package. Illustrations were created with BioRender.

3. Results

3.1. Broad view of TNBC cellular landscape
through large-scale single-cell proteomics

While single-cell transcriptomics vastly expanded our
understanding of tumor ecosystems, this approach

Single-cell profiling of TNBC heterogeneity

does not yet allow plausible profiling of cell landscapes
in larger patient cohorts or greater cell numbers. To
challenge this limit, we designed a prospective, single-
cell-based, large-scale mass cytometric analysis of 26
treatment-naive triple-negative breast cancer cases.
Twenty-four tumors were classified as high grade 3,
and two were intermediate grade 2 tumors. Six
patients presented with involved lymph nodes that
have been resected, and none of them had signs of
metastatic disease at the time of surgery (Table SI).
Freshly resected tumor samples were immediately dis-
sociated into single cell suspensions and mass-tag bar-
coded, along with a cancer cell line and PBMCs that
served as internal controls. Samples were then sequen-
tially stained with a panel of surface and intracellular
antibodies (Fig. 1A).

The antibody panel was designed to identify tumor
cell subpopulations that are known to contribute to
breast cancer progression (e.g. CD24, CD44 as mark-
ers of CSCs), surface molecules that associate with
EMT/MET plasticity (e.g. EpCAM and Vimentin) and
a set of novel surface antigens reflecting breast cancer
cell plasticity (e.g. CD29, CD97, CD49c, ITGBS), pub-
lished previously [30]. We also included markers that
would allow for subtyping of stromal cells (e.g. CD90,
Vimentin, and «SMA) and a spectrum of immune cell
types (e.g. CD45, CD3, CD14, CD19). Additionally,
to inspect the activation of tumor-relevant signaling
pathways at the level of protein, we included signaling
hallmarks from TGF-B/SMAD, NF-kB, JAK-STAT,
PI3K/AKT/mTOR, and Wnt signaling pathways. The
activation of these signaling effectors is often involved
in cancer cell plasticity and tumorigenesis (Fig. 1B).

This workflow resulted in 894 942 high-quality single-
cell proteomic profiles from 26 samples. To allow for a
comprehensive view of TNBC “cytome”, we generated
two-dimensional maps from our data using the auto-
mated dimensionality reduction algorithm t-distributed
stochastic neighbor embedding (tSNE). Most cells were
of hematopoietic origin (CD45"), followed by stromal
(CD90™) and cancer compartments (PanCK™; Fig. 1C).
Information about other cell types or cell subsets is not
available due to the limited number of markers that the
current stage of technology allows. The presence of
major cell types was additionally confirmed by manual
gating (Fig. STA).

3.2. Ki-67-positivity and lymph node involvement
at the time of surgery as a proxy for patient
outcome

We expected that the population of cancer cells in our
TNBC cases will be globally heterogeneous, with some
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Fig. 1. Characterization of tumor heterogeneity in TNBC samples by mass cytometry. (A) Scheme depicting experimental approach and
analytical workflow for primary TNBC patient samples used in this study. (B) List of cell surface and signaling molecules selected to
characterize tumor and microenvironmental compartments. (C) Two-dimensional t-SNE visualization of PanCK, CD45, and CD90 expression
in all cells and all samples (n = 26). The combination of these three markers was used for the identification of cancer (PanCK+), immune
(CD45+), and stromal (PanCK-CD90+) cells, respectively.
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subpopulations more and some less abundant in
aggressive tumors. To approach this question in an
unbiased manner and to correlate cancer subpopula-
tions with clinical parameters, we took advantage of a
recently published automated and unsupervised
machine learning algorithm RAPID [21]. This concept
allows the identification of phenotypically distinct pop-
ulations and determines whether they stratify patient
survival. Due to the prospective design of this study
that required freshly resected primary tumors, the
long-term clinical outcome data, including metastatic
spread and survival, was not available at the time of
analysis. We therefore tested and robustly validated
‘Ki-67 positivity and lymph node ratio’ (LNR) at the
time of the primary tumor surgery as a surrogate pre-
dictive and prognostic marker in TNBC, with minor
modifications [31-33] (Fig. S1B). This approach
enabled us to stratify patients solely according to their
Ki-67% and lymph node involvement, as both param-
eters are routinely collected during diagnosis and
widely available. As a proof-of-concept study, we cor-
related the introduced Ki-67 + LNR index with sur-
vival in two independent retrospective TINBC tissue
microarray cohorts that we later used for histological
validations (Fig. SI1C,D). With good agreement
between the predictive power of Ki-67 + LNR index
and survival in retrospective cohorts, we applied this
index to our prospective single-cell proteomic study.

3.3. Cancer subpopulations associated with
clinical parameters

Simultaneous profiling of identically processed and
preserved suspensions with mass cytometry eliminates
the need for batch correction. We therefore applied
modified algorithm employing FlowSOM clustering
directly on cancer cells from our patients. FlowSOM
provides an overview of how all markers are behaving
on all cells, and detects subsets that might be otherwise
missed. Using self-organizing maps for data analysis,
FlowSOM serves as both clustering and visualization
tool [21,24]. The identified FlowSOM clusters are then
directly associated with Ki-67 + LNR index. Using
this data analysis approach, we observed eight

Single-cell profiling of TNBC heterogeneity

phenotypically distinct populations of PanCK" cells
(Fig. 2A, Fig. S2A,B). Majority of analyzed tumors
contained cells in all clusters (Fig. S2B, Table S2).
These populations had distinct expression patterns of
EMT/MET marker Vimentin, a number of cell adhe-
sion molecules and integrins (CD29, CD49f, CD97,
CD44, CD90), and signaling molecules (pNF-xB and
HLA-DR; Fig. S2C,D). These TNBC subpopulations
also differed in their Ki-67 + LNR indices. While
Cluster 8 had the highest calculated Ki-67 + LNR
index (blue; 0.88), Cluster 4 had the lowest (pink;
0.72) (Fig. 2B). Molecularly, cancer cells present in
Cluster 8 displayed elevated expression of CD97, pNF-
kB, and HLA-DR, and low CD90 and Vimentin levels
(Fig. 2C). In contrast, Cluster 4 contained -cells
expressing low CD97, pNF-kB and HLA-DR levels,
and high levels of CD49f, CD44, CD90, and Vimentin.
The high expression of CD90 and Vimentin are fre-
quently associated with epithelial-mesenchymal transi-
tion (EMT). EMT and its reverse mesenchymal-
epithelial (MET) program are well-known contributors
to plasticity and heterogeneity of cancers, including
TNBC. We therefore decided to predict the EMT-
MET phenotype of cancer cells in our patient cohort.
To assign cancer cells their EMT-MET status in an
unbiased manner, we calculated the mesenchymal-to-
epithelial (MET) score for each cell and all patients
based on selected epithelial and mesenchymal mole-
cules. We selected Vimentin, aSMA, and CD44 as
bona fide mesenchymal markers, and EpCAM, CD49f,
CD9 as the representative of epithelial phenotype
(Fig. 2D, [30]). The score ranged from —3 value repre-
senting fully mesenchymal phenotype, to +3 for fully
epithelial phenotype, with hybrid phenotypes scoring
around 0. We assessed that the cancer cells in 23 of 26
samples are highly EpCAM-positive, with more than
50% cancer cells expressing this epithelial marker (av-
erage from all samples = 80.4%; 95% CI = 0.003) and
exhibiting more epithelial phenotype based on their
positive MET score. The MET score did not surpass
0.5 value, indicating that cells are, based on our classi-
fier, in an intermediate or hybrid EMT/MET state, co-
expressing both epithelial and mesenchymal proteins
(Fig. 2D). MET score negatively correlated with Ki-

Fig. 2. Complex analysis of cancer cells in TNBC tumors. (A) t-SNE plot showing pooled cancer cells from 21 patients colored by FlowSOM
clusters. (B) t-SNE plot colored with Ki-67 + LNR index (left), with depicted Ki-67 + LNR-high Cluster 8 (blue) and -low Cluster 4 (pink) popu-
lations in the right panel. (C) Histograms highlighting the difference in the expression of selected proteins in Ki-67 + LNR-high Cluster 8
(blue) and -low Cluster4 (pink). (D) Scheme depicting markers used for MET score computation (top) and plot showing calculated MET score
for each patient (bottom). E, epithelial; M, mesenchymal. (E) Correlation of MET score with Ki-67 + LNR index in the mass cytometry TNBC
cohort (r= Spearman correlation coefficient). (F) t-SNE plots highlighting identified CSC-like population colored by the expression of selected

antigens. CSC, cancer stem cells.
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67 + LNR index (Fig. 2E), suggesting that cancer cells
favor hybrid EMT/MET phenotype endowing them
with high plasticity and increased fitness, features that
are required for the tumor development and progres-
sion.

Quite unexpectedly, we also identified Cluster 4 to
be enriched for small population of both EpCAM"&"
and EpCAM™Y cells with CD90/CD44/Vimentin/Ki-
672" molecular profile, resembling proliferative cancer
stem-like (CSC) subpopulation (Fig. 2F). Such basal-
like CD44/CD90" cells have been previously identified
as tumorigenic and able to interact with monocytes
and macrophages [34,35].

3.4. Unprecedented heterogeneity of TNBC
stromal compartment

In parallel, using similar unsupervised analysis in the
CD90"/PanCK ~/CD45~ stromal fraction, we molecu-
larly dissected 10 stromal subsets of comparable abun-
dance, present in 24 tumor specimens (Fig. S3A,B).
Mirroring the situation in cancer compartment, these
stromal subpopulations displayed diverse phenotypes
with the most significant differences in the expression of
CD90, aSMA, and CD29 — a set of well-known cancer-
associated fibroblast (CAF) markers, surface integrin
CD49c, adhesion G protein-coupled receptor family
member CD97, tetraspanin CD9, canonical TGF-f sig-
naling hallmark pSmad2, and proliferation surrogate
Ki-67 (Fig. S3C,D). Interestingly, these stromal clusters
(Fig. 3A) showed similar Ki-67 + LNR index with only
minor difference in values, with the highest being Clus-
ter 4 (blue, 0.84), and the lowest detected in Cluster 9
(orange, 0.72; Fig. 3B). This observation suggested that
the identified stromal subsets do not stratify patients
based on Ki-67 + LNR index.

Compared to Cluster 9, cells in Cluster 4 (the high-
est Ki-67 + LNR index) expressed high levels of
aSMA, CD90, CD29, CD49c, and Ki-67, also indicat-
ing an increased proliferative activity in this subpopu-
lation (Fig. 3C). Because adhesion molecules and
integrins, including CD49c, might play a functional
role in tumor progression, we inspected whether these
molecules are present also on stromal cells. We
detected populations of CD49c-, CD49f-, and CD97-
positive cells present across clusters at different pro-
portions (Fig. 3D). All three surface molecules were
concomitantly co-expressed, along with CD90 and
CD44, with small “activated population” of cells
expressing pSmad2, active b-catenin, and phosphory-
lated Akt (Fig. 3E). This suggests that these stromal
subsets co-expressing signaling molecules might
actively contribute to disease progression; however,
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precise functional experiments are needed. Although
the stromal fraction did not differ in Ki-67 + LNR
index, we observed heterogeneity in stromal compart-
ment and identified interesting subpopulations for fur-
ther studies.

3.5. Validation of complex TNBC phenotypes
with routine, low-dimension
immunohistochemistry

We next addressed the critical limitation of our study
— the lack of long-term clinical follow-up in our freshly
resected patient cohort — with an alternative strategy.
We investigated the association between our mass
cytometry protein hits with patient outcome in retro-
spective TNBC cohorts that included over 200 sam-
ples. We chose immunohistochemistry as a classical
and routine procedure that does not require state-of-
the-art instrumentation and is widely used at clinical
pathology departments for diagnostic purposes.

First, we in-house assembled TNBC tissue microarray
that included 108 primary tumors and if available, also
matched lymph node metastases. For cross-validation
purposes, this cohort included archival tissue from 24
patients analyzed with mass cytometry. This sample set
was then clinically annotated for lymph node involve-
ment and, if available, also for survival.

Based on the unbiased outcomes from mass cytome-
try analysis, we selected proteins which expression sig-
nificantly separated the Ki-67 + LNR-high and -low
clusters, in both cancer and stromal compartments.
These included CD97, HLA-DR, pNF-kB, and aSMA.
Additionally, we included known markers of EMT/
MET that were included in the cytometric panel,
specifically EpCAM, CD49f, and Vimentin (Fig. 4A).

Percentage of positivity and staining intensity of
selected markers in stromal and tumor cells for indi-
vidual patients was determined using the semiquantita-
tive H-score method by a certified breast cancer
pathologist in a blinded fashion. Although we were
not able to reach statistical significance, this
histopathological analysis revealed different expression
patterns of EpCAM, CD49f, Vimentin, CD97, HLA-
DR, and pNF-kB in lymph node metastases compared
to matched primary tumors (Fig. 4B). These expres-
sion patterns varied from patient to patient and
showed both increasing and decreasing trends in
metastases relative to primary tumors, corroborating
profound heterogeneity among the individual patients.

To approach this assessment in a similar way as
done for the mass cytometry data, we classified the
EMT/MET status of this retrospective histology
cohort using histology MET score (h(MET score). The
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Fig. 3. Identification of TNBC stromal compartment. (A) t-SNE plot showing pooled stromal cells from 24 patients colored by FlowSOM clus-
ters. (B) t-SNE plot colored with Ki-67 + LNR (left), with depicted Ki-67 + LNR-high Cluster 4 (blue) and -low Cluster 9 (orange) populations
in right panel. (C) Histograms of selected stromal markers showing their expression in Cluster 4 (blue) and Cluster 9 (orange). (D) Subpopula-
tions of CD49c-, CD49f-, and CD97-positive stromal cells from 24 patients, visualized as dot plots (top panel) and as histograms across all
10 stromal clusters (bottom panel). (E) t-SNE maps of stromal cells colored by expression profile of selected surface antigens and signaling

molecules (npp-catenin — active, non-phospho-beta catenin).

hMET score was calculated from H-score (0-300) of
epithelial markers EpCAM and CD49f, and mesenchy-
mal markers Vimentin and aSMA. Such hMET score
extracted specifically from tumors that were analyzed
with mass cytometry was in an agreement with the

1034

actual mass cytometry MET score (Fig. 4C). hMET
score could be then, in simplified practice, used as a
surrogate for mass cytometry MET score.

Out of all analyzed antigens, only the expression of
EpCAM was significantly increased in tumors that
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Fig. 4. Immunohistochemistry staining of molecules identified by mass cytometry in TNBC cohort. (A) Representative immunostaining
showing weak and strong EpCAM, CD49f, aSMA, and Vimentin stainings in TNBC specimens, ranked based on H-score (paired t-test). Sam-
ple is representative from the cohort of 108 primary tumor patients. Original magnification 200x, scale bar — 100 um. (B) Paired analysis of
EpCAM, CD49f, Vimentin, CD97, HLA-DR, and pNF-kB staining in cancer cells in primary TNBC tumors and matched lymph node metas-
tases (n = 15) evaluated by paired t-test. ns, not significant. (C) Concordance between mass cytometry MET score (CyTOF, y-axis) and his-
tology MET score (IHC, x-axis) from the same cohort of 24 TNBC cases. r = Spearman correlation coefficient. (D) Kaplan—-Meier curve
showing overall survival of TNBC patients based on cancer cell CD97 expression. n = 108, logrank P.

disseminated into lymph nodes; the levels of EpCAM had not lymph node metastases present (Fig. S4A).
separated patients that had lymph nodes involved at Levels of HLA-DR and pNF-«B in the tumor fraction
the time of primary tumor resection from those that did not stratify patient survival (Fig. S4B). However,
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increased cancer cell expression of CD97 was signifi-
cantly associated with worse overall survival, in con-
cordance with our mass cytometry data (Fig. 4D).
Although the correlation of stromal Vimentin with
survival did not show significance, we observed an
interesting trend between elevated stromal oSMA
expression and worse overall survival (Fig. S4C).

4. Discussion

The recent revolution in single-cell and spatial omics
technologies revealed an unexpected level of TNBC
heterogeneity. Despite this, the contribution of differ-
ent tumor or stromal cell subsets to disease progres-
sion and therapy resistance remains unclear.

To understand how selected subpopulations and cell
states shape tumor biology and influence the clinical
outcome of TNBC patients, we established a single-cell
proteomics pipeline, allowing complex analysis of
TNBC heterogeneity with mass cytometry. This
approach allowed us to characterize TNBC “cytome”
and associated diverse cancer and microenvironmental
phenotypes with clinical state of 26 patients at the time
of tumor surgery. While most single-cell-based TNBC
studies focus on immune cells [36] or solely rely on
transcriptomic data [15,17,18,37], we used proteins as
the ultimate readout.

Due to the prospective nature of our study, clinical
outcome related to distant metastasis or patient sur-
vival was not available at the time of analysis. We
therefore modified an alternative approach and intro-
duced the Ki-67 + LNR index that reflects Ki-67%
positivity and lymph node involvement at the time of
surgery. Both of these parameters are relevant, stan-
dalone predictive and prognostic factors in TNBC,
and their higher levels are associated with worse prog-
nosis and more aggressive clinical features [31-33].
Nonetheless, there are some concerns about the repro-
ducibility of the Ki-67 assessment and its limited clini-
cal utility [38]. Recent Ki-67 consensus meeting
established that Ki-67 ITHC does have clinical validity
for the determination of prognosis in patients with
early-stage breast cancer and proposed several recom-
mendations that can lead to precise analytical validity
of Ki-67 THC determination namely careful preanalyti-
cal handling and standardized visual scoring [39].
These methodical criteria were met in our study that
involved early-stage TNBC patients (see Section 2).

Data analysis uncovered eight clinically distinct sub-
sets of cancer cells, each with a specific protein signa-
ture. The cluster that significantly separated cell
populations with high and low Ki-67 + LNR index
was enriched in HLA-DR, pNF-xB, and CD97. CD97

B. Kvokackova et al.

also significantly stratified patients based on their over-
all survival in our histology studies. CD97 is a member
of G-protein-coupled receptor family with involvement
in adhesion, migration, and cancer progression [40,41].
CD97-positive cancer cells associated with higher Ki-
67 + LNR index in patients and concomitantly
expressed HLA-DR — an MHC class II molecule, nor-
mally expressed by the antigen-presenting cells, but
also frequently identified in TNBC samples [42,43],
and pNF-kB, a transcription factor implicated in
TNBC proliferation and invasiveness with drug target-
ing potential [44,45]. Our findings suggest that the
identified population highly expressing CD97/HLA-
DR/pNF-kB proteins might be functionally involved
in TNBC progression, and clinically targeted in the
future.

In addition, we showed that the cancer cells in
TNBC tumors reside in a spectrum of hybrid EMT/
MET states based on the introduced MET score, con-
sisting of key epithelial and mesenchymal markers.
Such hybrid EMT/MET phenotype embodies a major
survival advantage: it maintains a highly plastic and
tumorigenic state that can be dynamically polarized
toward EMT or MET, thereby promoting cancer cell
spread or homing and metastatic outgrowth at distant
sites [5,8,11,46,47]. In our study, the hybrid EMT/
MET profile of cancer cells was further confirmed by
an independent immunohistochemistry using the
hMET score. This scoring in the matched samples was
associated with high Ki-67 + LNR index and sug-
gested that the hybrid phenotype may indeed drive
tumor cell proliferation and metastatic lymph node
colonization.

The stromal compartment of TNBC displayed a
profound heterogeneity in cell surface and intracellu-
lar marker expression. We identified subsets of stro-
mal cells co-expressing high levels of aSMA, CD90,
and CD29 that associated with high Ki-67 + LNR
index. This subpopulation resembled the profile of
previously  described myofibroblast-like (aSMA-
highCD90high — pAphichy  qybsets  of cancer-associated
fibroblasts (myCAFs) [17,37,48]. These myCAFs are
functionally capable to initiate EMT of cancer cells,
hence support their spread to distant organs [49]. The
TNBC stroma was also enriched for cell subsets posi-
tive for surface integrins CD49f and CD49c, and
adhesion G-protein-coupled receptor member CD97.
While the role of CAF-expressed integrins in breast
cancer tumors has been previously suggested [50],
their functional implications in the TNBC context
remain unclear.

Our study comes with several specific limitations
that are commonly associated with techniques
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requiring tissue dissociation and more generally with
mass cytometry-based approach. Firstly, although
extensively optimized, the tissue dissociation protocol
used in our laboratory may lead to underrepresenta-
tion of some cell types, including epithelial cells that
are relatively fragile and can be destroyed during the
dissociation process [S1]. Secondly, this dissociation
protocol can potentially alter the cell surface composi-
tion. Thirdly, pre-selected antibodies in this panel can
bias the phenotyping attempts. For example, we con-
sidered the hereby identified stromal cells as cancer-
associated fibroblasts, but we cannot exclude the possi-
bility that CD90" fraction contained also mesenchymal
stromal cells or perivascular-like cells. The part of the
tumor tissue that was provided to us by the patholo-
gists may not fully represent the composition of the
entire tumor. Additionally, because of the prospective
nature of our study, we lack information about clinical
outcome (e.g. distant metastasis, overall survival) due
to the short follow-up period.

5. Conclusions

In this study, we established a workflow for complex
investigation of TNBC at a single-cell resolution and
described phenotypically distinct cell subsets of tumor
and stromal cells.

We introduced a novel clinically relevant Ki-
67 + LNR index that can be associated with
described heterogeneous cell subpopulations, thus
identify cells that might contribute to disease develop-
ment. Moreover, we identified cancer cell CD97 level
as a predictor of worse clinical outcome. Taken
together, our findings shed a new light on the hetero-
geneity of treatment-naive TNBC, providing valuable
resource for future research in both basic and transla-
tional settings.
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Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Gating strategy of mass cytometry data and
Ki-67+LNR index introduction. (A) Example of gating
strategy showing the identification of live cells (CisPt-)
and three populations of interest in a representative
sample (BCa83): PanCK+ epithelial cells, CD45+
immune cells and CD90+ stromal cells. (B) Plot show-
ing the calculated Ki-67+LNR index for each patient
in TNBC cohort. (C) Kaplan-Meier plot showing the
relationship between survival probability and high/low
Ki-67+LNR index in a discovery cohort of archived
TNBC patients that included samples used for mass
cytometry measurement (n = 108). (D) Kaplan-Meier
plot showing the relationship between survival proba-
bility and high/low Ki-67+LNR index in an indepen-
dent, validation cohort of archived TNBC patients
(n =123).

Fig. S2. Unsupervised analysis of cancer cells in TNBC
tumors. (A) t-SNE map of cancer cells illustrating
identified 8 clusters associated with Ki-67+LNR index
colored by FlowSOM clustering. (B) tSNE map col-
ored by Ki-67+LNR index - left, Ki-67+LNR index
values in all clusters on histogram - middle, contribu-
tion of cancer cells from patients (Sample ID) to iden-
tified clusters — right. (C) Histograms depicting

B. Kvokackova et al.

expression of selected proteins in all cancer clusters.
(D) Heatmap of normalized marker expression for dif-
ferent proteins in 8 clusters.

Fig. S3. Unsupervised analysis of TNBC stromal com-
partment. (A) t-SNE analysis of stromal cells illustrat-
ing identified 10 clusters associated with Ki-67+LNR
index colored by FlowSOM clustering. (B) tSNE map
colored by Ki-67+LN index - left, Ki-67+LNR index
values in all clusters on histograms - middle, contribu-
tion of stromal cells from patients (Sample ID) to
identified clusters - right. (C) Histograms depicting
expression of selected proteins in all stromal clusters.
(D) Heatmap of normalized marker expression of dif-
ferent surface and intracellular proteins in 10 clusters.
Fig. S4. Immunohistochemistry staining in TNBC
TMA. (A) Expression of selected proteins in primary
tumors with detected lymph node metastasis (LN met
positive) versus primary tumors without lymph node
metastasis (LN met negative; total n = 107). (B) Over-
all survival of TNBC patients from TMA cohort strat-
ified based on NF-kB p65 and HLA-DR staining (H-
score) in cancer cells. (C) Overall survival of TNBC
patients from TMA cohort stratified based on aSMA
and Vimentin expression (H-score) in stromal cells.
Table S1. Clinical and histopathological parameters of
TNBC patients.

Table S2. Percentage of cells present in cancer clusters
across samples.
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